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SYNOPSIS 


Mordenite, the high silica zeolite species, is 
increasingly being used in recent times as a molecular sieve 
in the adsorptive separation of gas/liquid mixtures involving 
acidic components. It also finds extensive application as a 
catalyst for various industrially important reactions like 
hydrocracking, hydroisomerization, alkylation, reforming 
and cracking. In spite of such wide usage, a detailed study 
of mordenite, dealing with its synthesis, stability and 
characterization has not been adequately undertaken so far 
by the earlier workers. 
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The present work deals with the study of synthesis 
and characterization of mordenite type zeolite. The mordenite 
was synthesized separately from two types of gels. While 
sodium silicate, sodium hydroxide, silica gel and aluminium 
hydroxide constituted the materials for one gel, in the 
other one. silica has been largely supplied as silica solution 
(with sodiuia hydroxide) derived from the rice-husk ash. The 
latter, approach was meant to utilize the rice-husk, an agri- 
cultural waste product, as a source of silica. The ash 
obtained on burning rice-husk contains amorphous silica upto 
90 per cent by weight. In agricultural countries like India, j 
the rice-husk produced in enormous quantities is available 
at a very low-cost price. As such the utilization of rice- 
husk ash in the synthesis of mordenite offers tremendous i 

scope in countries like India, Burma, Sri Lanka, Thailand ! 

and Japan, 

The thesis has five chapters. A brief review of the 
structures of the zeolites with an emphasis o^h the mordenite ■ 
structure followed by the review of the existing literature 

■ i 

on the synthesis, stability and characterization of mordenite 
has been presented in Qrapter 1. Based on this literature 
survey, the aspects that have received inadequate attention | 
in the synthesis and characterization of mordenites, have been! 
brought into focus and the objectives of the work with a 
statement of the problem are given in Chapter 2. The materials* 
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utilized and the methods adopted for the synthesis as also 
the characterization are outlined in Chapter 3. 

The results obtained in the present study and the 
discussion of the same are presented in Chapter 4. This 
chapter has been divided into two parts - one part dealing 
with the synthesis and the other one with the characterization. 
Around 250 runs have been carried out with the gels containing ; 
silica from chemical sources and also those with silica 
derived from rice-husk ash with composition, time and tempera- : 
ture as variables. The ranges for the same are as follows: 

Temperature of crystallization : 90 - 200°C 

Time of crystallization ; 1 hr - 7 days 

SiO^/Al^O^ (molar ratio) in ; 

the starting mix j 1-20 

Ka^O/Al^Oj (molar ratio) in 

the starting mix ; 0.8 - 6.0 

(molar ratio) in 

the starting mix : 40 - 220 

The compositional stability diagrams for mordenite with 
various temperatures and times of synthesis have been presented. 
The rate of crystallization of mordenite as also the formation 
of other phases at different stages of investigation and under 
different conditions have been tracked using x-ray diffraction 
technique. The crystallization proceeds through a sequence: 
amorphous product >mordenite/phillipsite analcime. : 



The best temperature for the crystallization of mordenite 
has been found to be in the range 135 - 165°C, The crystalli- : 
zation of mordenite is controlled by the composition of 
initial gel and also by the type of silica in the gel. Within ] 
the synthesis range, as the temperature of synthesis increased 
the field for mordenite crystallization shifted towards 
higher SiOg and lesser Wa^O in the initial gel compositions. 

With greater alkalinity in the initial gel, analcime crysta- 
llized even at lower temperatures preceded by the formation ! 
of phillipsite. It has also been observed that the gels 
containing silica solution from rice-husk ash are more 
reactive compared to the gels with silica from chemical sourcesi 
The rate curves for the mordenite synthesis from both types 
of gels presented and the activation energies obtained in i 

the present investigations are in conformity with the reported | 
values. I 

The cell constants for ,the synthesized mordenites | 

o I 

(a = 18.06, b = 20.34 and c = 7.54 A) correspond closely to I 

the standard mordenite and the chemical analyses indicated I 

its composition to be Ka^O ‘Al^O^ *10.8 SiO^. The dehydration | 

and dehydroxylation characteristics obtained with the dif f eren- | 

tial thermal patterns have been discussed for the synthesized i 

sodium mordenite and also its hydrogen form. The weight [ 

I 

:/ - ' , ■ ■ I, 

loss measurements indicated a total loss of 13.6 per cent | 

for sodium form (corresponding to a total of 26,7 H^O per unit 



cell) and 14.8 per cent for the hydrogen form. These values 
are in conformity with the earlier reports* The infrared 
absorption spectra for the sodium and hydrogen forms have 
been presented with a discussion on the different bands in 
various frequency regions as related to the mordenite frame- 
work structure and the association of water. The water 
adsorption capacity was found to be 15.2 per cent for the 
sodium form and 16 per cent for the hydrogen form. The surface 
area estimations by the BET method revealed the values around 
450 m^/g for the sodium form and 500 m^/g for the hydrogen 
form. These closely agreed with the reported values for the 
standard mordenite. The acidity as a measure of its catalytic 
activity was also determined. 

The utilization of synthesized mordenite in its sodium 
and hydrogen forms as molecular sieves has been established 

using toluene and p-ocylene, toluene and o-xylene, o-xylene ! 

I 

and p-xylene and o-xylene and triethyl benzene mixtures. The | 

■ ■ ■ ' ' i 

sodium form adsorbed p-xylene and toluene and excluded o-xylene^ 
while the hydrogen form adsorbed o-xylene and excluded triethyl- 
benzene. Thus the mordenite synthesized in the present case 
is of a large port variety, 

A of the results achieved in the present study 

has been presented in Chapter 5 alongwith the conclusions and 
suggestions for future work. 



CHAPTEE 1 


IITRODUQTIOE AND LITERAPURB RBYIEW 

TRe utilization of synthetic crystalline zeolites 
as molecular sieves and as catalysts offers- considerable 
potential in industry [1-5] such as in adsorption separations 
lon-exchange, hydrocarbon catalysis, recovery of radioactive 
ions from T-ra-ste solutions and separation of hydrogen isotopes 
and other purifications. Zeolites are known as molecular 
sieves because of their selective adsorption behaviour. The 
term molecular sieve was first used by McBain [6] to define 
porous solid materials which exhibit the property of acting 
as sieves towards the gas molecules. The dehydrated zeolite 
crystals act as sieves by the selective adsorption or the 
rejection of gas/liquid molecules due to the differences in 
the sizes and structural characteristics of such materials. 
The internal pore spaces available in zeolites are governed 
by the individual zeolite structure. 

The present wofk deals with the syntheiis and 
characterization of the mordenite type zeolite and as such 
the literature reviewed in this chapter is essentially 
confined to the samsf Howev#r, as an introduction to the 
subject, a brief account of the structure of zeolites in 
general and of mordenite in particular is presented. 
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1.1 Structure of Zeolit e; 

Zeolites are crystalline crosslinked, polymeric 
macromolecules having repeating imits given hy the formula [7]: 

^x/n ^2° 

where M is the exchange cation of valency n, w is the number 
of water molecules, and x + y is the total number of tetra- 
hedra per unit cell. The ratio ; y/x ranges between 1 to 10 
for natural and synthetic zeolites. The framework structure 
is composed of chains of Si(C)/2)^ and Al(0/2)^ tetrahedra 
in which 0/2 represents the shared oxygen atom [8]. Because 
the formula charge of oxygen is -2 and of aluminium is +5, 
each Al(0/2)^ tetrahedra bears one unit of excess negative | 
charge 'tdiich is neutralized by the other metal cations. 

These metal cations which neutralize the excess anionic 
charge on the aluminosilicate framework are usimlly alkali 
metal and alkaline earth metal cations and at... least, some' of : 

them must be able to undergo reversible ion exchange if the 
material is to be classified as a zeolite. The water molecules 
fill the remaining volume in the interstices of the zeolite. 

The seven structural classes of zeolites [9] have 
been arranged (Table l.l) according to the openness of their 
framework as measured by their water sorption capacity [10]. I 
The structure of many zf elites can be obtained by simple 
arrangement of polyhedra in a three-dimensional array. 
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TABLE 1.1; WATER SORPTION CAPACITT OP ZEOLITES 


Group 

Water sorption capacity 
(Cm^H^O/Cm^ Zeolite) 

Analcime 

0.,18 

Natrolite 

0.21 - 0.33 

Mordenite 

0.27 - 0.33 

Heulandite 

0.33 - 0.37 

Phillipsite 

0.34 - 0.49 

Ohabazite 

0.36 - 0.46 

Paujasite 

0.46 - 0.54 


For stability reasons, the maxim-um substitution of aluminium 
for silicon is in the ratio of 1:1. In this event, a complete 
ordering of the aluminium and silicon is present. However, 
zeolites with a Si/Al ratio of greater than 100 have been 
reported [ll]. 

The zeolite structures are open and they contain 
large cavities filled with the water molecules. The cavities 
may be interconnected in one, two or three directions. The 
metallic ions which are needed for the charge compensation 
occupy sites in the channel or adjacent to the cavities and 
are generally available for exchange by other cations. 
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1 • 2 Structure and Applications of Mordenite ; 

1.2.1 Stnxcture ; 

The mordenite lattice consists of micropore system 
essentially with parallel elliptical cylinders of major 

o 

and minor crystallographic free diameters of 6.95 and 5.81 A 
respectively. The main channels are interconnected by small 
side channels of 2.9^ free diameter. These side channels 
prohibit the motion of hydrocarbon molecules from one main 
channel to another. 

The structure of the hydrated sodium form of mordenite 

was studied in detail by Meier [12]. The crystal structure 

consists of chains of 4 - and 5- membered rings of Si(0/2)^ 

and Al(0/2)^ , in which 5 - membered rings predominate (as 

shown in Pigure l.l). This structure of mordenite is unique 

among the zeolites. The unit cell of the sodim form of 

0 0 

mordenite has dimensions; a = 18.13 A, b = 20,49 A, and 
0 

C - 7.52 A and the same is represented by; 

(Na^O • (Al^O^ ) ^ • ( SiO^ ) 4Q * 24H2O 

which shows a silica/alumina ratio of 10;1. 

Several forms of mordenite reported in literature are 
the derivatives from the original sodium form by ion-exchange 
process. 

1.2.2 Applications ; 

The two major applications of these zeolites are 




Fig. 1.1 - Mordenite framework structure 
viewed in the c-directiGn. 
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in adsorption and catalysis for which closely controlled 
specifications in terms of their purity, mechanical properties 
and porosity are essential. Although mordenite as a mineral 
occurs in nature, synthetic mordenites are better suited to 
meet these stringent requirements imposed on molecular sieve 
adsorbents in adsorption and catalytic processes, owing to 
their high purity. 

Adsorption ; 

These zeolites are high capacity, selective adsorbents 
for two reasons; 

1, They separate molecules based upon molecular size 
and configuration of the molecule relative to the size and 
geometry of the zeolite structure, 

2. They adsorb molecules, in particular, those with 
a permanent dipole moment and other interaction effects, 
with a selectivity that is not found with conventional 
adsorbents. 

Two types of separations may occur, one based upon 
the molecular sieve effect and the other upon the preferential 
adsorption. The sodium form of mordenite readily adsorbs 
materials such as water, CO^, cyclohexane and p-xylene. 

O-xylene, cumene and other hydrocarbons of bigger molecular 
diameter are physically excluded from them. When the sodium 
is replaced by hydrogen, the effective pore diameter of the 
mordenite molecular sieve increases and it adsorbs o-xylene, 
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cumene etc. 

Of the available commercial molecular sieve adsorbents 
currently in use, the mordenite molecular sieves being high 
in silica /alumina ratio, are preferred for use in adsorption 
where acidic components are present. They can also be used 
at higher temperatures. In addition, synthetic mordenite 
molecular sieves are also suitable for use where resistance 
to strong alkali solution is required. They are stable in 
environments with pH as high as 12. 

Catalysis ; 

As in adsorption, the catalytic reactions take place 
within the cavities of these crystalline zeolites. Hence the 
voids must be accessible to the reactants and zeolites with 
largest pore sizes and maximum available void volume are the 
most suitable ones. The sieving effects occur in catalysis 
as in adsorption. Not only the reactants permeate the zeolite I 
structure but the products, likewise, must exjt through the i 
pores. Mordenite satisfies the important properties, for | 

its use as a catalyst, such as structure, cpore size, charge | 

and locations, acidity and Si/Al ratio. j 

Zeolite catalysts are best known in hydrocarbon catalysi^ 
particularly in cracking [13-15]. In catalytic cracking, 
catalyst containing mordenite molecular sieve exhibits higher 
activity and better selectivity as compared to the conventional 
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silica-alumina cracking catalyst. Typically higher gasoline 
yields (upto 20 per cent), are obtained. In isomerization 
reactions, hydrogen mordenite catalysts are used to upgrade 

the low-octane number of normal paraffins. These catalysts 

! 

have a long life and resistance to sulfur poisoning and unlike 
the conventional types, are non corrosive. The hydrogen 
mordenite is used for isomerization of xylenes [16,17] and 
cyclohexane [18,19]. The mordenite catalysts are also used 
for alkylation [20, 21], disproportionation, trans-alkylation 

[22] , dehydration [13], steam reforming for hydrogen manufacture 

[23] , polymerization. [21, 24, 25] and a host of other 
reactions. 

1 • 5 literature Review on the Synthesis and Characterization of 
Mordenite; 

1.3.1 General Considerations of Zeolite Synthesis ; 

The zeolites are synthesized under hydrothermal 
conditions. The term •hydrothermal’ includes the crystallization 
of zeolites from aqueous systems which contain the necessary 
chemical components. The growth of crystalline aluminosilicate 
first requires the formation of a nucleus. The important 
conditions for the synthesis are [26, 27]: i 

1. Reactive starting materials, such as freshly co- 
precipitated gels (hydrous metal aluminosilicates) or amorphous 
solids. (The gel preparation and the subsequent crystallization j 
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are represented by the following reaction steps; 

Na(OH) (aq. ) + Nail(OH)^ (aq.) + Na^SiO^ (aq. ) 

T, = 25 - 100°G 
^ 1 

[Na^(Al 02 )^(Si 02 )Q*Na 0 H -H^O] gel '■ 

= 25 - 200°G 

Na [ (AlO^) ( SiO-) ] • m H_0 + solution 
(Zeolite crystals) 

2. Relatively high pH introduced in the form of an 
alkali metal hydroxide or other strong base. 

5. Hydro therma.1 conditions 

4. A high degree of super saturation of the components 
of the gel leading to the formation of the nucleus of a large 
number of crystals. 

The zeolites are formed in the early stages as a metastable 
phase which left for a longer time in the system, is converted 
to a more stable species. The tj'-pe of zeolite formed depends 
upon the composition of the starting mix, the temperature and 
the time of crystallization. 

Several investigators have synthesized the zeolites 
under high temperature and pressure (i.e. natural conditions) 
[28-31]. Extensive, pioneering and systematic research on 
hydrothermal chemistry of aluminosilicates was started by 
Barrer [32-35]. Barrer and his coworkers have been active 
in making significant contributions on zeolite synthesis for 
the last three decades. 
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Synthesis of zeolites at low temperature under low 
pressure starting from very reactive components was first 
reported hy Milton and his associates [36,37]. They syn- 
thesized several zeolites at temperatures ranging from about 
room temperature to the boiling point of water. Synthesis 
of zeolites at low temperature has also been reported 
involviiig different starting materials under different conditions 
[38-41], Since the present study ’is concerned mainly with 
the synthesis of mordenite, a literature survey on the 
synthesis of the same is given in the following section. 

1.3.2 Synthesis of Mordenite : 

Enough literature exists on the synthesis of mordenite 
type zeolite [30, 33, 35, 40-66]. Several starting materials 
of both chemical and natural (mineral) sources have been used 
in the synthesis. First report on synthesis of mordenite was 
by Leonard [42] who obtained Na-Li mordenite by reacting feld-~ 
spars and alkali carbonates for 7 days at 200°C and 15 atm 
pressure. 

Using ingredients of chemical source, Barrer and 
CO workers [33, 35] have reported the ideal temperature range 
for the mordenite synthesis to be 265 - 295°C with the initial 
compositions: SiO^/Al^O^^ = 8-12, Na^O/Al^O^ = 1 under alkaline 
conditions (pH = 8 to 10). Barrer and Denny [40] obtained low 
yields of calcium mordenite using different silica sources 
(sol, and powdered silica glass) in the temperature range of 
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125 “ 450°C. Ames and Sand [44] reported the synthesis of 
sodium and calcium mordenites at 530 - 455°C under 1000 atm 
pressure approaching the natural environmental conditions 
of the occurrence of these minerals. The mordenite type 
zeolite was synthesized by Ellis [45] from obsidian glass at 
230°C at pH of 5-7 after 17 days of reaction. Strontiimi 
mordenite has been synthesized in the system SrO-Al^O^-nSiO^ 

(n=l to 9) in. the temperature range 110-450°C [46]. 

With the varia'tion of the conditions of the synthesis, 

Sand [41] has obtained two types of synthetic mordenites which 

are termed as the large port-type and the small port-type. 

The small port-type mordenite exhibited an adsorption diameter 
o 

of about 4 A , while the large port one could adsorb molecules 
o 

of about 7 A diameter. VJhilo the type of starting materials 
was found to be critical in the temperature range of 275 - 300*^0 
for the synthesis of small port mordenite equivalent to the 
zeolite Na-D of Barren [35], the water content, however, was 
found to be critical for the synthesis of large port variety 
at 100-260°C for 12 to 168 hours. The large port variety 
could not be successfully distinguished from the small port one 
by x-ray diffraction techniques. 

A high purity mordenite type zeolite was synthesized 
by Domine and Quobex [47] using a SiO^/AlgO^ ratio of 12 to 13 
in the starting mixture. Starting with amorphous sodium alumino- 
silicate at 300°C, the rate of crystallization was increased 
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with increase in pH upto 12.8, beyond which the mordenite 

was apparently converted to analcime-type zeolite. At a pH 

0 

of 12.6, the induction period varied from one hour at 350 G 
to 4 weeks at 100°C and two days at 200°C. The rate of 
crystallization from gels was slower than that from amorphous 
aluminosilicate. The experimental conditions for the synthesis 
of mordenite are presented in Table 1.2 together with those 
for analcime, which also appears often as one of the products. 

Mordenite has also been synthesized from almino 
silicate gels in periods varying from 2 to 12 hours at 150- 
200*^0 in the presence of 0.05 to 10 wt. per cent of an alkyl 
phenol and alkyl sulfonate or a HCHO -naphthalene sulfonic 
acid condensate [48]. The synthesis of mordenite from an 
inexpensive raw material, pitchstone, at 200°C within 4 hours 
of duration has been reported [49]. 

Oulfaz and Sand [50] indicated that the induction 
period can be eliminated by seeding the starting mixture with 
the mordenite crystals. They have also found that the addition 
of NaCl in the starting mixture decreased the rate of crysta- 
llization of mordenite at 90-135°C. 

The most suitable conditions for the synthesis of 
Li -miordenite were reported by Sand and co workers [51] to be 
around 150-200^0 using the colloidal silica sol. , aluminium 
hydroxide and lithium carbonate as the starting materials. 

Sand and Sand [52] prepared the li-Na mordenite from the 
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lithia-soda system at 200°C in 300 hours. Kimura and 
Nakajima [55] have synthesized a mixed mordenite with K^O/ 

(K^O + Na^O + CaO) mol. ratio of 0 - 0,5 at 1000 bars fluid 
pressure and 300 - 400°C temperature in the 2 ^^10^ 24 
(Na^, Ca)Al 2 * Si^QO^^ *1120 system. 

The extensive literature on mordenite synthesis is 
available in patent form, part of which is condensed in 
Table 1,3. 

1 • 4 Characterization of Mordenite : 

Crystalline zeolite molecular sieves are complex 
materials chemically and structurally, comprising the major 
group of the framework silicates. A complete characterization 
of a zeolite involves the work on the framework structure, 
cation content, chemical composition and various structure 
related properties such as the ion exchange behaviour and 
physical adsorption characteristics. Thus to characterize 
a zeolite several tools of analysis are being used. These 
include the x-ray diffraction analysis, infrared absorption, 
nuclear magnetic resonance, electron spin resonance in addition 
to many other conventional chemical techniques. 

Extensive x-ray studies since 1955 have enabled the 
determination of the detail framework structure of about 
40 species and a classification of the various structure 
types and groups has been proposed by anith [67], Eisher and 
Meier [68] and Meier [9]. X-ray analysis has been used to 
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■TABLE 1.3 i SOME BIPORTANT PATENTS ON THE SYNTHESIS 

OP MORDENITB 


S.No, 

Reactants and their 
compo sit ion 

Temp. , 

°C 

Time 

Ref. 

i 

2 


4 

5 


1. 240 parts of amorphous SiO^, 

50 parts of 28 per cent sod. 150 24 hr 63 

silicate solution, 100 parts 
of sod. aluminate 


2. Diatomaceous earth, sod. 

aluminate, sod. silicate 
Na20/Si02 = 0.07 - 0.3 
S±0^/A1^Q^= 6 - 180 

Na 20 /Al 20 ^= at least 1 

3. Siliceous, aluminous, 

al-umino siliceous sources 
in presence of organic 
compounds. 

4. Pitch stone, Na^GO^, NaNO^, 
sod. silicate 


75-175 24 hr 64 


150-200 2-12 hr 48 


200 4 hr 49 


5. Silica-alumina gel, 

Na^PO^ 

6. Sodium and lithi-um system: 
0.34 Li20*0.36 Na20 •AI 2 OJ • 

10.2 Si02*6.6 H 2 O. 

Lithiimi system; 

31i20 ••^1203 •40Si02*3l4H20 


100-150 72-240 hr 54 


200 300 hr 52 


17 


Table 1.3 (contd) 


1 2 ^ ' 

3 

4 

5 

7. Silica containing material, 

NaOH etc. 


' 


SiO^/Al^Oj =9-18, 

Na^O/SiO^ = 0.1-0.25 

=5-70 

100 


65 

8, ilmorphous aluminosilicates, 

and aluminium salt solution 

Si02/Al20^ = 10-12 

Na^O/Al^O^ = 0. 5-2.0 

200- 

280 

24-48 hr 

66 


.18 


determine the crystallinity of the zeolite, the distribution 
of cation sites and the structioiral changes caused during 
ion-exchange and calcination etc. In fact x-ray diffraction 
technique has attained an important place in the characteri- 
zation of zeolites. The loss in the crystallinity of the 
large port mordenite as a function of aluminium extraction 
from it has been studied by Krainich and coworkers [11]. 

Weeks and coworkers [69] have investigated the effects of the 
heating rate and heating conditions on the crystallinity of 
the mordenites using x-ray diffraction. The cell constants 
for the Na-, and H- forms of mordenite have been reported 

in the literature [69]. 

The non-availability of large single crystals of 
synthetic zeolites limits the structural investigations using 
x-ray diffraction technique. The polyhedral building units 
present in the zeolite framework can be best understaad with 
infrared spectroscopy. The mid infrared region (200-1300 Gm”^) 
of the spectrm is used since it contains the fundamental 
vibrations of the framework (Si, Al)0^ tetrahedra. Infrared 
data for this region for synthetic zeolites (including mordenite) 
are available [70-73]. The IR spectra for zeolites indicate 
peaks that can be assigned to (l) internal vibrations of the 
TO^ tetrahedron, not sensitive to structural variations and 
(2) vibrations related to the linkages between the tetrahedra 
which are sensitive to overall structure. These are presented 
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in Table 1,4. Tiie number of ill atoms in tbe framework structure 
influence the variation of frequency in both the asymmetric 
stretching in the region 970-1020 Cm”^ as also the symmetric 
stretching in the region 670 - 725 Cm"^ [72, 75]. 

TABLE 1,4 : ZEOLITE IR ASSIGHMMTS. 01"“^ r75l 


1. Internal 

Tetrahedra 

-Asym, stretch 

1250 

- 950 



-Sym. stretch 

720 

- 650 



-T-0 bend 

500 

- 420 

2. External 

linkages 

-Double rings 

650 

- 500 



-Pore Opening 

420 

- 300 



-Bym. stretch 

820 

- 750 



-Asym. stretch 

1150 

- 1050 


Removal of zeolite water did not modify the infrared 
spectra within the mid infrared region of several synthetic 
zeolites containing alkali metal ions [73]. The association of 
water molecules with the cation and/or with the framework 
oxygen ions of a zeolite is dependent upon the openness of the 
structure. The three typical bands observed are the broad band 
characteristics of hydrogen bonded OH around 3400 Cm~^, the 
sharp band typical of isolated OH at 3700 Cm~^ and the usual 
bending vibration of the water at 1645 Cm"'^. The isolated OH 
stretching is attributed to the interaction of the water 
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liydroxyl with the cation. The other hands are assigned to 
the hydrogen bonding of the water molecules to a surface 
oxygen and to the bending mode of the water [74]. 

Structurally similar zeolites can be distinguished 
by the differential thenaal analysis patterns and DTG data 
[75-78]. Barrer and Peterson [79] have reported the DTA 
and TGA patterns for the hydrogen mordenite. According to 
them, the initial endotherm from slightly above room tempera- 
ture to 550°G is characteristic of its dehydration and the 
exotherm around 1000°C corresponds to its crystal collapse. 

The total weight loss is reported to be around 15 per cent. 
Ammonium mordenite exhibits a sharp endotherm at 150°C due 
to water desorption and a large exotherm at 525°C due to 
oxidation. A shallow endotherm was also reported around 400°C 
indicating some NH^ desorption prior to oxidation. The dehydro- 
xylation event is characterized by an endotherm around 700°0 
and the crystal collapse by an exotheim around 1030°C [69]. 

The ion-exchange process in' synthetic zeolites have 
been extensively studied [80-85]. Since the hydrogen form of 
the mordenite has more catalytic activity, efforts have been 
made by earlier workers to derive this form through a two- 
stage operation; first by ammonium exchange of sodium 
mordenite to form ammonium mordenite and later by converting 
the ammonium form to hydrogen form by heating. Work in .this 
direction has been reported by Barrer [33] and Weeks and 
coworkers [69]. 
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Adsorption studies on natural mordenites were reported 
by several workers for argon> oxygen, nitrogen, water, C 02 » 

CO, G 2 Hg and G^Hg [86, 87]. Adsorption on sodium 

and hydrogen fom of zeolon for CO^, SO^, Ar, 0^, Ng ^ 

■was also studied [88-91]. The adsorption of several gases and 
hydrocarbons was studied by Barren and Peterson [79]. 

The catalytic activity and selectivity of mordenite 
for several reactions have been extensively studied. The BBT 
surface area of mordenite has been reported to be around 
400 m'^/g for Na-form and 500 m^/g for H-form [92, 93]. Hopper 
and Shigemura [17] have reported that H-mordenite is a very 
good catalyst for the liq.uid phase isomerization of xylene. 

They achieved 88 per cent of p-xylene equilibrium. Studies 
on mordenite as a catalyst were also reported for reactions 
such as cumene cracking [15], cyclohexane hydroisomerization [18] 
dehydrogenation and isomerization of cyclohexane [19], benzene 
alkylation with ethylene and propylene [20] and benzene alky- 
lation and polymerization of ethylene [21], 



CHAPTER 2 


STATEMENT OF THE PROBLEM 

The high silica zeolites and especially, the mordenite 
type, as already stated earlier, find extensive industrial 
applications in adsorptive separations and also in catalysis 
of hydrocarbon reactions. As evident from’ the literature review 
presented in the previous chapter, the information on the 
synthesi s ,,of mordenite has been inadequate in its detail. No 
systematic work has been reported in the published literature 
on the synthesis and stability of mordenite as also the role 
of the different parameters in its formation. 

In the earlier workon the synthesis of mordenite, the 
starting materials for silica and alumina have been from 
chemical sources. Efforts have ’also' been made by some workers 
to use clay mineral like montmorillonite asa source for 
alumina and silica in the synthesis of some zeolites though not 
for mordenite. 

In agricultural countries such as India, Sri Lanka, 
Thailand and Japan, fice-husk is obtained in enormous quantities 
as a byproduct. This material, as experiences' in India reveal, 
is easily available in large quantities on an extremely low- 
cost basis. This husk, on complete burning yields porous> 
cellular and light grey coloured ash which on analysis has been 
found to be containing amorphous silica upto around 90 per cent 
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by weight of the ash composition* Being cellular, this 
silica is in a highly reactive state* As such the rice-husk 
ash is an important source of silica which on leaching with 
an alkali like sodium hydroxide o'ffers great potentialities for 
its use in the synthesis of sodium zeolites. In developing 
countries like India, with a need for the development of 
indigeneous technology, the possibility of using this rice- 
husk (an agricultural waste) in the synthesis of zeolites 
offers a great potentiality. 

All these considerations generate thoughts on the 
following lines: 

1, Can synthesis of sodium mordenite be attempted 
using silica from the rice-husk ash source? 

2, What is the nature of the product in such a 

case during synthesis under different conditions? 

3. The role of different parameters like compO'sition 
of the starting mix, temperature and time o.n the 
formation of mordenite and its stability. 

4. Are there any possible differences in the role 
of such parameters for mordenite synthesis from 
rice-husk ash silica source when compared to the 
same for the formation of mordenite from silica 


chemicals? 
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5. A comparison of the mordenite synthesized 
from both these sources with regard to their 
characteristics. 

6. Possibilities of usage of these synthesized 
mordenites as molecular sieves. 

An attempt has been made in the present work to 
answer these points. 



CHAPTER 3 


EXPERIMENTAL 


3 . 1 Materials ; 

Eor the synthesis of zeolites, silica has been used 
in the form of sodium silicate, silica gel and silica 
solution derived from rice-husk ash. The sodium silicate 
contained 29.2 weight per cent of Ha^O and 28.3 weight per 
cent of SiO^ as supplied by M/S Chemilon of Bombay, India. 

The silica gel was used in conjunction with the sodium 
silicate to obtain the required silica content in the initial 
mixture. The silica gel as - supplied by Sarabhai -Merck 
Chemicals of Baroda, India, was finely ground in a ball mill 
to obtain the particle size fraction passing through 200 mesh. 
The x-ray powder pattern for the same indicated only a broad 
hump with no definite reflections. 

Rice-husk used as a silica source was obtained from 
a rice -mill in Utripura situated around 40 kms from Kanpur 
city. The husk was burnt for 3 hours at 1000°C to get a 
carbon free ash. The ash thus obtained was ground in a- ball 
mill to the size passing through 200 mesh. X-ray diffraction 
patterns of the ash indicated the amorphous nature of the 
same. The chemical composition of the ash is presented in 
Table 3,1. 
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TABLE 3.1: CHEMICAL COMPOSITION OP RICE-HUSK ASH 


Components 

Per cent by wt. 

SiOp . 

88.86 

AlgOj 

6.40 

Pe^O^ 

0.35 

Alkalies 

1.16 

Loss on ignition 

3.23 


Aluminium hydroxide used was of an extra pure grade (alkali 
free) as supplied by M/S E. Merck AG Darmstadt, Germany, 

Sodium hydroxide pellets, supplied by Sarabhai , Merck Chemicals 
of Baroda, India xfere utilized. The x-ray diffraction data 
for the sodium and aluminium chemicals are presented in 
Appendices A-2., A-3 and A-4. 

Zeolon of Norton Company, U. S.A. make was chosen for 
use as a standard to compare the synthesized mordenites. 

This is a large port synthetic mofdenite with the physical 
characteristics as listed in Table 3.2. 


TABLE: 3. 2 TYPICAL PHYSICAL CHARACTERISTICS OP 
ZEOLON MOLECULAR SIEVES 


Mineral class: 

Synthetic 

Bulk density 

0.64 


mordenite 

(g/Cm^) 

Theoretical SiO / 

10/1 

Surface'' area (m^/g) - 

440 

A1_0„ ratio • 

2 3 

Static HO capacity 


Effective pore 

- 7 i 

(wt, per cent) 

14 

diameter 


Available form _ 

5 “12 


l.POH i e rj . 


2? 


3 . 2 Methods : 

3.2,1 For Synthesis of Mordenite Using: Chemical Silica Sources ; 

Sodium aluminosilicate gel of varying Na20!Al202 : Si02 
was prepared by mixing two solutions individually,- prepared 

’ ."V 

earlier, one containing sodium metasilicate in distilled 
water heated to boiling and the other an aqueous sodium- 
hydroxide solution to which an appropriate amount -.of Al(OH)^ 
was added and heated to boiling. If more .sili«a was required 
in, the mixture, silica gel in appropriate quantities was 
added to the former solution. Several such mixes with varying 
Na^O : Al^O^ ; Si 02 proportions adopted for the synthesis are 
listed in Table 4.1 of the next chapter. 

The hot solution of ' the starting. .mix was kept in the 
autoclave for the hydrothermal reaction.- The autoclave used 
in the present investigation is a high- pressure type of Parr 
make (Series 4500) (Figure 3,l). This unit consists of a 
vertical stainless steel vessel B of one litre capacity 
designed for operating upto' 1000 psig. pressure and 350°C. A 
stirrer S is provided which is motor driven. The pressure 
in the autoclave at t'he end of a run can be released .through 
a gas release valve V^. liquid samples containing fine 
solid particles could be collected.... during the run through 
the sample port 7^ of the vessel, . The autoclave . ' tightly 
sat inside the heater assembly H and the temperature controlled 
to an accuracy of + 2°C with a variac. The desired reaction 




B - Stainless steel vesse 
G - Pressure gauge 
H - Heating assembly 
S- Stirrer 

T - Dial thermometer 
V|- Gas release valve 
^ 2 ' Sampling valve 


Line diagram for the autoclave assembly 
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temperature was attain<3d within 30-50 minutes. The zero time 
of the reaction was corrected adopting the method suggested 
hy Freund [94] ^ At the end of each run conducted for specific 
period of reaction, the material obtained was filtered in a 
sintered glass disk funnel under vacuum and the solid product 
washed with hot distilled water till the pH of the filtrate 
reached 7. The solid product was then dried at 120° 0 in an 
oven for 12 hours. 

3.2.2 For Synthesis Using Rice-Husk Ash ; 

The silica solution was prepared by treating rice-husk 
ash with 1-2 molar aq,. NaOH solution maintained at 60°C for 
24 hours with continuous shaking. The silica dissolved in HaOH 
solution was estimated. The silica solution thus prepared 
was mixed with the solution containing sodium hydroxide and 
appropriate amounts of Al(OH)^. Several compositions of starting 
mix were prepared by an appropriate mixing of these solutions 
listed in Table 4.2. 

The procedure adopted for the synthesis is identical to 
the one described in previous section. 

3.2..3 Methods of Characterization ; 

Z-ray diffraction analyses were carried out on G.E. 
unit fitted with ZED-6 diffractometer using Hi-filtered Copper 
radiations. Scanning was done in the range of 6-60°(2 &) 
at a rate of 2°/min with a chart speed of 1’* /min. The exact 
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peak positions were checked by obtaining the counts from 
point to point within the peak range. The interplanar 
spacings (d) were obtained for all the synthesized samples 
and the cell constants were also determined for the mordenite 
using formula for the orthorhombic system. 

The infrared spectra for the samples were recorded 
using a Perkin Elmer 521 IR spectrophotometer using K3r 
pellet technique [95]. The spectra were obtained in the 
range 4000-300 Cm”^ which covers the frequency ranges for 
the framework structure as also water association. 

Differential thermal analysis (DTA) , differential 
thermo gravimetric (DTG) and thermo gravimetric (TG-) analysis 
of the samples were carried out simultaneously using the 
Derivatograph of MTM make (Budapest) with 10°/min. heating 
rate using a Al'^0^ as an inert material. Pew samples were 
also analyzed on DuPont 900 DTA unit fitted with 1200^0 
furnace assembly using Pt-Pt 13 per cent Rh thermocouples. 

The silica, alumina and sodium estimations were 
done by standard analytical procedures [96-98]. 

Eor preparing ammoniimi mordenite, samples of sodium 
mordenite synthesized were kept in an excess of 2 M aqueous 
solution of NH^Cl in a constant temperature, shaker bath 
maintained at 70°C. The exchanged zeolites after equilibration 
were filtered and dried. These samples/once again treated 
with NH^Cl solution and this process /repeated several times. 
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The degree of exchange was determined from the concentration 
of sodinm ions in the equilibrated solutions with the help 

"t* "It 

of flame photometry and the coordinates of Na -NH, exchange 

4j. 

isotherm were calculated by the method reported by Sherry [84]. 

The water adsorption capacity is estimated as the 
increase in weight of dehydrated zeolite samples placed in 
a dessicator containing saturated IHi^Ol solutions (until 
they reach constant weight). The water adsorption capacity 
of a zeolite is the measure of its void volume available for 
adso rption. 

The nitrogen adsorption isotherms for the mordenite 
samples were obtained with standard BBT apparatus (Numinco 
Surface Area Analyzer) at the boiling point of^N^ S'lid the 
surface areas were calculated from the same. 

The acidity measurements for the zeolite samples, 
characterizing their catalytic activities, were determined 
by the procedure reported by Holm and coworkers [99], and 
Plank [100]. The method involves the estimation of pH 
for the filtrate obtained of a solution containing 0.2 g 
of the zeolite .in 20 ml of 0.1 N aqueous ammoni-um acetate 
kept at 35^0 for 24 hours. This procedure was repeated for’ 
several time intervals and the respective values of pH 
determined. The pH at zero time was obtained by extrapolation. 
The corresponding acidity measurement fof the zeolite mordenite 
was determined using a calibration curve of pH values for 
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known quantities of acetic acid added to the annnonium acetate 
solution. 

The pore size as an expression of molecular sieve 
property was determined for dehydrated zeolite samples by 
passing throoigh them severe,! mixtures of known compositions 
of toluene and o-xylene, toluene and p-xylene, 0- and p-xylenes 
and O-xylene and triethylhenzene. The effluents were analyzed 
with a gas chromatograph (of C.I.C. make, Baroda, India) 
equipped with a TG detector using a column (maintained at 100°G) 
of copper tubing 1/8’* O.D. packed with 5 per cent Bentone-34 
and 6 per cent diethylene glycol succinate on 60-80 mesh 
chromosorb W and the flow rate of the carrier gas (N^) being 
maintained at 15 ml/min. 



CHAPTER 4 


RESULTS AHD DISCUSSIOH 

The investigations undertaken in the present study 
fall into two categories. The ^ntheses of mordenite using 
silica from chemical source as also silica derived from 
rice -husk ash are dealt with in the first part. Effects 
of variables viz., the temperature, the duration of reaction 
and the compositional variations on the synthesis and the 
stability of mordenite are included in this part. The second 
part comprises the characterization studies on synthesized 
mordenites and their operational performance as molecular 
sieves. 

4.1 Synthesis ; 

On the basis of preliminary investigations, it has 
been found that the starting materials in the form of an alumino- 
silicate gel rather than in the form of individual oxides 
facilitate better synthesis of mordenite. A few instances, 
however, exist in the literature for the synthesis of mordenite | 
directly from the oxide mixtures [33,44], But in the present 
investigation, sodium aluminate was prepared from the reaction 
of sodium hydroxide and aluminium hydroxide. This aluminate | 

was mixed with sodium silicate to form the sodium alumino- 
silicate gel to be used as the starting material for the ■ 

crystallization of mordenite. The ranges of operating variables | 


3.4 


were as follows: 

Temperature of reaction: 90 - 200°G 

Synthesis time: 1 hr - 7 days 

Si0_/Al-0^ (molar ratio in ^ 

^ the starting mix) * “ 

NapO/Al 0^ (molar ratio in 

^ the starting mix): 0.8 - 8.0 

H^O/Al^O^ molar ratio has been kept constant at 219 in most of ti 
runs and where this ratio was changed, this has been indicated 
in the appropriate place. 

The products obtained from each run have been identified : 
by x-ray powder analysis after their separation from the 
mother liquor. In the present study, in addition to mordenite 
the reaction products often included either analcime or i 

phillipsite. All these products were identified on the basis 
of their characteristic intense reflections as indicated in h- 
Section .4. 2. In the runs where crystallization of the products 
was far from completion, the x-ray diffraction patterns 
indicated absence of peaks and a broad hump for the amorphous 
material was seen. The per cent composition of the mordenite ; 

in the product was determined by quantitative x-ray analysi.s | 

using standard mordenite (zeolon) of Norton Company as the 
reference. 

4.1.1 Synthesis of Mordenite Using Silica from Chemical Source : 

The details for the various runs conducted with varying 
compositions and times, together with the reaction products 



55 


for different reaction temperatures are indicated in the 
Tables 4.1 through 4.5. 

Effect of Starting Composition ; 

Initial composition of any miz is of paramount 
importance in governing the type of zeolite crystallized. In 
the present investigations, composition was varied in the 
starting material in the following ranges: ' 

Na20(mol per cent) : 12-50 

Al^Oj (mol per cent) ; 4.0 - 18.8 

Si02(mol per cent) : 32.8-80.0 

H20/Ea20 (molar ratio) : 40 - 220 

To represent the stability fields of mordenite as a function 
of composition in the system Na20-Al20^-Si02-H20 at constant 
H^O/Al^O^ ratio, triangular diagrams for the temperatures 
135, 150 and 165°C were plotted. These diagrams are given 
for 12 hr and 24 hr of synthesis period for these temperatures 
(Figure 4.1 and 4,2). 

Since three end members are involved, the Si02/Al20^ 
and Na^O/Al^O^ ratios have been plotted against each other 
for reaction temperatures of 135, 150 and 165°G (Figures 4.3 - 
4.5). It is evident that with temperature and time as 
constants, a higher Si02/Al20^ ratio in the starting mixture 
requires a higher ratio of E'a20/Al20^ for the formation of 
mordehite. At constant temperature and time, in any starting 
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TABIE 4.1: SYNTHESIS OE ZEOLITES USING SILICA FROM 

CHEMICAL SOURCES 


Run 

Composition of starting Mixtures* 
(anhydrous basis) 

Reaction 

Time 

Reaction 

No, 

Na^O 

(mol 
per 0 

AI 2 O 3 

(mol ■ 

ent) per cent) 

SiO^ 

(mol 

per cent) 

(hr) 

product 



Reaction temperature: 110°C 


211 

37.8 

10.6 

52.60 

4 

Am+P 

212 

50.0 

14.3 

35.70 

4 

P 

213 

46.7 

13.3 

40.00 

4 

P 

214 

43.75 

12.5 

43.75 

4 


215 

41.2 

11.7 

47.10 

4 

P 

216 

38.9 

11.1 

50.00 

4 

P+Am 

217 

35.0 

10.0 

• 

0 

0 

4 

Am+P 

218 

33.3 

9.5 

57.2 

4 

Am 



Reaction Temperature 120° 

C 


323 

24.1 

6 . 9 

69.00 

24 

Am 

324 

24.1 

6.9 

69.00 

48 

iim 


H^O/Al^Oj = 219 = Amorphous 

P = Phillipsite 
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TABLE 4.2 SYNTHESIS OP ZEOLITES USING SILICA PROM 

GHET-IICAL SOURCES 


Run 

No. 

3- 

CoTirnosition r'f Staring Mixture 
(Anliydrous basis) 

Reaction 

time,h.r 

Reaction 

Product 


Na^O 

(mol per 
cent}, 

2 

Al^O^ Si02 

(mol per (mol per 

centX cent) 

“3 4 ■ 

■ " 5 

6 



Reaction Temperature; 

135°C 


321 

24.10 

6.90 69,00 

8 

Am 




16 

Am 




20 

M 




24 

M 




36 

M 




48 

M 

333 

19.10 

4.76 76.14 

12 

Am 




24 

Am 

336 

21.75 

8.70 69.60 

12 

Am. 




24 

M 

338 

18.50 

7.40 74.10 

12 

Am 




24 

Am 

339 

26.70 

6.67 66.63 

12 

M 




24 

M 

340 

16.10 

6.45 77.40 

12 

■ Am 




24 

Am 

341 

21.45 

7.15 71.50 

12 

Aim 




24 

Am 

342 

■.15.40 

7.70 77.00 

12 

Am 




24 

Am 

343 

24.96 

8.34 66.70 

12 

M 




24 

M 


Table 4.2 (contd) 


1 

2 

3 

4 

5 

6 

552 

30.00 

10.00 

60.00 

4 

Am 





12 

P 





24 

P 





96 

An 

355 

17.50 

12.50 

70.00 

12 

ilm 





24 

Am 

354 

22.50 

12.50 

65.00 

12 

M 





24 

M 

355 

25.00 

5.00 

70.00 

' 12 

M 





24 

M 

356 

29.50 

6.00 

64.50 

12 

M 





24 

M 

Am = 

iunorphous 

■P = 

Phillipsite 

M 

= Mordenite 


a 

H^O/Al^Oj = 219 


An = Analcime 
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TABLE 4.3: SYNTHESIS OP ZEOLITES USING SILICA PROM 

CHEMICAL SOURCES 


Run • 
No. 

Compo 

sition of starting mixture®' 
(Anhydrous basis) 

Reaction Reaction 
Time Product 

(hr) 

Na^O 

(mol ; 
cent 

Al20^ 

per (mol per 

) cent) 

Si02 

(mol per 
cent) 



Reaction 

Temperature; 

150°C 


315 

24.10 

6.90 

69.00 

H' 

Am 





12 

M 





24 

M 

316 

24.10 

6.90 

69.00 

16 

K 

325 

13.33 

6.66 

80.01 

4rO' 

12 

Fi 





■24 

Am 

326 

18.18 

9.10 

72.72 

12 

Am 





24 

M 

327 

24.96 

8.34 

66.70 

12 

M . , , ' 





24 

An 

328 

18.75 

6.25 

75.00 

12 

M 





24 

M 

330 

23.53 

5.87 

70.60 

4 

Am 





12 

M 





24 

An+M 

331 

16.00 

4.00 

80.00 

12 

Am 





24 

Am 

332 

15.00 

5.00 

80.00 

12 

Am 





24 

Am 

357 

20.00 

10.00 

70.00 

12 

M 





24 

M 

358 

12.50 

10.00 

77.50 

12 

iim 





24 

Am 

359 

15.00 

15.00 

70.00 

12 

Am 





24 

ilm 


Am=Amorphous M= Mordenite An = AnaLcime 


\ 2 OAl 2 O 3 = 219 
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TABLE 4.4: SIKTHESIS OF ZEOLITES USBIG SILICA FROM 

chemical sources 


Run 

No. 

Composition of starting mixture 
(Anhydrous basis) 

Na^O Al^O^ Si02 

(mol per (mol per (mol per 

cent) cent) cent) 

Reaction Reaction 
Time, hr Product 



Reaction Temperature; 165*^0 


319 

24.10 

6.90 

69.00 

8 

Am-. -t- A 





12 

M 





16 

M 





24 

M 

334 

27.78 

5.55 

66.66 

12 

An 





24 

An 

335 

21.70 

8.70 

69.60 

12 

M 





•24 

V 

337 

16.13 

6.45 

77.42 

12 

Am 





24 

M 

344 

22.72 

4.55 

72.73 

12 

M 





24 

An 

345 

26.70 

6.67 

66.63 

12 

An 





24 

An 

346 

15.30 

7.70 

77.00 

12 

Am 





24 

Am 

547 

24.96 

8.34 

66. 60 

12 

M 





24 

An 

348 

12.00 

11.00 

77.00 

12 

Am 





24 

Am 

349 

20.00 

12.00 

68.00 

12 

M 





24 

M 

350 

. 20.00 

8.00 

72.00 

12 

M 





. 24 

M 

351 

16.00 

14.00 

70.00 

12 

M 





24 

M 


^'HpO/Al^O, = 219 = Amorphous M = Mordenite 

■ An = Analcinie 
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TABLE 4.5: , SYNTHESIS OP ZEOLITES USING SILICA PROM 

CHEMICAL SOURCES 


Run Composition of starting mixture 

No. (Anlaydrous basis) H O Reaction Reaction 

Na^O Al20^ SiO^ I^~0 Product 

(mol per (mol per (mol per ^ ^ 

c ent ) cent ) cent) _ 




Reaction 

Temperature : 

175°C 



317 

24.10 

6.90 

69.00 

219 

24 

M 

318 

24.10 

6.90 

69.00 

219 

48 

M+An 



Reaction 

Temperature: 

190°C 



320 

24.10 

6.90 

69.00 

219 

24 

M+An 



Reaction 

Temperature: 

200° C 



111 

46.30 

18.80 

34.90 

80 

4 

An 

112 

50.00 

17.20 

32.80 

95 

2 

An 

113 

50.00 

17.20 

32.80 

95 

1 

An 

119 

33.33 

11.11 

55.56 

201 

4 

An 

120 

33.33 

11.11 

55.56 

201 

1 

An 






2 

An 

314 

24.10 

6. 90 

69.00 

219 

4 

ilm 






6 

M 






24 

An: 

322 

24.10 

6,90 

69.00 

219 

7 

M 






12 

M 






16 

M+An 

Am=Amorplious 

M 

= Mordenite 

An= 

:Analcim,e 
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4 
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Fig. 4. 3. - Effect of composition of the starting batches on 
zeolite crystallization at 135°.C tor 24 hr. 
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Fig. 4-4 - Effect of composition of the starting batches on 
zeolite crystallization at 150°C for 24 hr. 
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mixture with a particular SiO^/Al^O^ ratio, the shift from 
mordenite to analcime crystallization results with the 
increase in Na^O/Al^O^ ratio. Similarly an increase in SiO^/ 
"^^2^3 9-iiy particular ha^O/Al^O^ ratio favours the 'crysta- 
llization of mordenite instead of analcime. Similar obser- 
vations were reported by Barrer [33, 35], 

From the triangular diagrams (Figures 4.1 and 4.2), the 
effect of composition can also be examined by choosing the 
tie lines for any particular Al^O^ per cent and obtaining the 
SiO^, and Na^O contents in the starting mixture for different 
temperatures. The Si02/Na20 ratios are plotted against 
temperature with the corresponding product phases indicated 
(Figure 4.6). From such plots, it is clear that a higher ratio 
of Si 02 /Na 20 is required for the formation of mordenite at 
higher temperatures and that at any particular temperature, a 
decrease in the Si 02 /Na 20 ratio shifts the sequence of product 
formation in the direction of amorphous to phillipsite/mordenite 
to analcime. The appearance of mordenite or phillipsite is 
guided by the availability of silica during the zeolite crysta- 
llization. Mordenite in its composition has an SiO^/Al^O^ 
ratio around 10 while in phillipsite the same is around 3-5. 

In many of the earlier investigations [33, 43-, 44], 
the effect of water content in the mixture has not been studied. 
The concentration of the reacting components in the initial 
mixture if expressed inversely with the water content is of 
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significance in the determination of the species crystallized 

[4]. For example, the H^O/Na^O ratio in the starting mixture 
represents the inverse of the alkalinity. The effect of this 
ratio on the stability of formation of mordenite is presented 
in rectangular coordinates in Figures 4.7, 4.8 and 4.9 for 
the reaction temperatures of 135, 150 and 165°C respectively. 

It has been observed that the temperature, reaction time and 
SiO^/AlgO^ being constant, the trends of stability were in 
the direction: analcime to mordenite to amorphous phases with 
the increase in H^O/Na^O ratio. A higher H^O/Na^O ratio in 
the initial mixture corresponds to lower concentrations of 
various components (alminate and silicate) in the liquid 
phase. This in turn resifLts in the formation of a less stable 
phase, conversely ■lowc:.’ r^t-ios of F..,C/r .n tie starting 
mixture correspond to higher concentrations of the various 
components in the liquid phase, resulting in the formation of 
a more stable zeolite phase. 

Effect of Temnerature and Time of Reaction : 

Although experiments were conducted at several temperature 
levels, only three temperatures (l35, 150 and 165°C) are used 
for discussion on the various aspects of the synthesis of 
mordenite, since it was observed that no mordenite was fomed 
at temperatures less than 135°C. Beyond 175 analcime 
appears. 
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Fig. 4-9 - Batch composition for synthesis of zeolite at 165°C for 
24hr in the Na20 -Al203-5i02- H20 system(rectangular coordinates) 
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In the triangular diagrams (Figures 4.1 and 4.2) a, 
b and c in each of these tvro figures, the field for mordenite 
is indicated. To bring out the trends of changes with increase 
in temperature, the diagram d is obtained by superimposition 
of these three diagrams. It can be observed that at higher 
temperatures, mordenite starts crystallizing from starting 
mixes containing more of silica or less of Na^O content 
(Figure 4.1(d) and 4.2(d)). This shift in ciystallization 
field for mordenite with an increase in temperature of synthesis 
can be explained as follows; The concentration of components 
(aluminate and silicate) in the liquid phase of the gel is 
the main.: controlling factor in the formation of a zeolite [101]. 
As the temperature increases, the solubilities of the aluminate 
and silicate ions increase causing a shift in the concentration 
of the liquid phase. This results in the formation of analcime 
in place of mordenite. Hence if the mordenite has to be 
crystallized at higher temperatures, the starting mixtures 
should have relatively higher SiO^ or lower' Na^O contents which 
means the reduction of the alkalinity. 

The sequence of formation of the products with an 
increase in temperature is in the direction; 

Amorphous ^ Mordenite — Analcime 

For instance, for the runs numbered 321 and 3l5 (Tables 4.2 
and 4.3) at temperatures of 135 and 150°0 respectively, the 
products after 12 hours of reaction have been found to be ' 
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amorphous material in the first case and mordenite in the 
other (Figure 4.10)^ although the composition of the initial 
mix was the same in both the cases. Similarly, for a 
reaction period of 24 hr. , the products obtained were mordenite 
for run no. 343 at 135°C, analcime for run no. 327 at 150°C 
and run noi 347 at 165°C, the initial composition being same 
in all the mixes (Figure 4.11). 

For any mix, as the temperature increases, the rate of 
crystallization of mordenite increases. The rate curves 
established on the basis of a quantitative analysis of the 
x-ray diffraction data together with a discussion on the 
kinetic aspects of the synthesis are presented in Section 4. 1.3. 
The effect of temperature on the mordenite stability can be 
obtained from the plots of Si02/i^a2® ratio versus temperature 
keeping the other component constant. Such plots (Figure 4.6) 
are informative in indicating the sequence of formation of 
different zeolites. Since compositional variations are involved, 
these are already presented there. 

The present study indicated that for an initial 
composition of the reaction mixture of 3.5 Na^O ‘lOSiO^* 
213E^0 , the best temperature range for the synthesis of 
mordenite to be 135 - 175°C. Barren [33, 35] has reported 
the same to be 265 - 295°C for a different initial composition 
Ea^O *41205 -S-lOSiO^. 
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For the temperatures 135, 150 and 165°C, the mordenite 
crystallization fields for 12 hr. and 24 hr. of reaction time 
are indicated in the triangular diagrams (Figure 4.12). As 
the reaction time increased, the sequence of changes in the 

product was in the direction: amorphous $i-phillipsite/ 

mordenite ^ analcime (Figure 4.13 and 4.14). Such an 

observation is in conformity with the earlier work [33,' 35, 

47, 51]. In the above, analcime was the most stable phase. 
This trend indicates that less stable species nucleate more 
rapidly than the more stable ones. According to the Ostwald's 
law of successive transformations [4], the most stable state 
may not be reached at once, but passes through a succession 
of intermediate and less stable states. This correlates with 
the idea that the phases tend to appear in the order of 
decreasing simplexity or entropy [102]. Ready nucleation 
may be favoured by high simplexity or entropy. However, the 
energy as well as the entropy changes ultimately determine 
the relative stabilities of the phases formed and hence the 
final product. 

4.1.2 Synthesis of Mordenite Using Silica from Rice-Husk Ash ; 

As explained earlier, amorphous silica available in 
the rice-husk ash was obtained in solution with sodium 
hydroxide and this silica solution in alkali was reacted with 
prepared sodim aluminate solution to make a fresh sodium 
aluminosilicate gel of the desired composition. The synthesis 
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was carried out on identical lines as in the previous case. 
However, the ranges of variations of the chemical constituents 
involved in the starting mixture were slightly different 
compared to the previous runs. The ranges of operating 
variables were as, follows; 

Temperature of reaction ; 90 - 165*^0 

Synthesis time ; 1 hr - 7 days 

Na 0 (mol per cent in the 

starting mix) : 10.5 - 50.0 

SiO (mol per cent in the 

starting mix) : . 56.8-77.4 

A1 0^ (mol per cent in the 

starting mix) ; 3.54-21.1 

H^O/Na^O (mol ratio) : * 40 - 220 

It may be noted here that in the present case since analcime 
has appeared in the runs conducted at l65°C under different 
conditions, the experiments for synthesis were scheduled only 
upto this temperature. 

The nature of products obtained in several runs 
involving starting mixtures of different compositions and 
for reaction periods ranging from an hour to 7 days for several 
temperatures are indicated in Tables 4.6 - 4.9. It has been 
observed that for all the runs with var3dng conditions 
conducted at 90 and 100°0 for varying periods of time (even 
upto 7 days in some cases), mordenite did not crystallize. 

The X-ray diffraction patterns revealed either the amorphous 
material or the crystallization of phlllipsite. Typical x-ray 
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TABLE 4.6; SYNTHESIS OE ZEOLITES USING SILICA 
PROM RICE-HUSK ASH 


Run 

No. 

Composition of Starting Mixture 
( Anhvdr ou s ba si s ) 

H^O 

Reaction 

Time 

(Hr) 

Reaction 

Product 

Na^O 

(mol per 
cent) 

Al^Oj 

(mol per 
cent) 

SiO^ 

(mol per 
cent) 

AljOj 

1 

2 

5 ' . 

4 

_ 

6 

7 



Reaction Temperature; 

90^0 



407 

22.25 

5.75 

74.00 

320 

24 

Am 






48 

Am 






96 

Am 






168 

Am 

409 

25.60 

6.40 

68.00 

160 

24 

Am 






48 

Am 






96 

Am 






168 

Am 

418 

50.00 

12.50 

37.50 

176 

4 

Am 






8 

P 






24 

P 

419 

42.10 

21.10 

36.80 

70 

1 

ilm 






2 

Am 






4 

P 






24 

P 



Reaction Temperature; 

100°C 



405 

50.00 

5.54 

66.66 

200 

12 

Am 






24 

Am 

406 

55.50 

5.88 

58.82 

320 

24 

Am 






48 

Am 






96 

Am 






120 

Am 

412 

50.00 

12.50 

37.50 

176 

4 

8 

Am 

P 






24 

P 

415 

42.10 

21.10 

36.80 

70 

2 

4 

P 

P 






8 

p 
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Table 4.6 (contd) 


1 

2 

3 

4 

5 

6 

7 

417 

42.10 

21.10 

36.80 

70 

2 

ilia 






1 

p 



Reaction 

Temperature: 

110°G 



404 

40.00 

6.67 

53.33 

290 

4 

ilm 






8 

Im 






24 

P 

411 

22.25 

3.75 

74.00 

320 

24 

ilm 






48 

/im+M 







M 






1^.8 

M 

415 

27.60 

3.40 

69.00 

320 

24 

P 


iim = ilmorphous 


P = Phillipsite 


M = Mordenite 
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TABLE 4.7: SYNTHESIS OE ZEOLITE USING- SILICA 
FROM RICE-HUSK ASH 


Run 

No. 

Composition of Start 
(Anhydrous basis) 
Na^O Al^O^ 

(mol per (mol per 

cent) cent) 

ing Mixturi' 
SiO^ 

(mol per 
,c ent ) 

Reaction 

Time 

(hr) 

Reaction 

Product 



Reaction 

Temperature ; 

135°C 


421 

24.10 

6.90 

69.00 

12 

M 





24 

M 

440 

15.40 

7.70 

77.00 

12 

Am 





24 

Am 

441 

18.50 

7.40 

74.10 

12 

Am 





24 

Am 

442 

21.45 

7.15 

71.50 

12 

ilm 





24 

M 

443 

24.96 

8.34 

66.70 

12 

M 





24 

M 

444 

26.70 

6.67 

66.63 

12 

M 





24 

An 

445 

22.72 

4.55 

72.73 

12 

Am 





24 

M 

446 

17.50 

12.50 

70,00 

12 

ihn 





24 

Am 

453 

27.50 

5.00 

67.50 

12 

ilm 





24 

ilm 

454 

22.50 

12.50 

65.00 

12 

P 





24 

P 

455 

27.50 

10.00 

62.50 

12 

P 





24 

V 


H^O/Al^Oj = 219 = ilmorphous P = Phillipsite 

M = Mordenite An — Analcime 
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TABLE 4.8: SYNTHESIS OE ZEOLITES USING SILICA 
PROM RICE-HUSK ASH 


Run 

No. 

Composition of Starting Mixture 
(Anhydrous basis) 

Reaction 

Time 

(hr) 

Reaction 

Product 

Na^O 

(mol per 
cent) 

AljOj 

(mol per 

Si02 

(mol per 
c ent ) 


Reaction 

Temperature: 

150°o 


420 

24.10 

6. 90 

69.00 

12 

M 





24 

M-fin 

424 

16.10 

6.45 

77.40 

12 

Am 





. 24 

M 

426 

15.40 

7.70 

-.77.00 

8 

iim 





24 

Am 





48 

Am 

425 

21.45 

7.15 

71.50 

8 

M+ilm 





16 

M 





24 

M 

428 

18.50 

7.40 

74.10 

12 

Am 





24 

M 

429 

26.70 

6.67 

66.63 

12 

An 





24 

An 

430 

24. 96 

8.34 

66.70 

12 

M 





24 

An 

431 

■ 22.75 

4.55 

72.70 

8 

M 





16 

M 





■24 

M 

450 

17.50 

12.50 

70.00 

12 

Am 





24 

M 

451 

12.50 

10.00 

77.50 

12 

Im 





24 

Am 

452 

17.50 

10.00 

72.50 

12 

ikn 





24 

M 


^-0/Al„0^ = 219 Aq = iknorphous M = Mordenite 

2 2 ^ ^in = Analcine 
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TiiBLB 4.9: SYNTHESIS OE ZEOLITES USING SILICA FROM 

RICE-HUSK ASH 


Run 

No. 

Composition of Starting Mixture^ 
(Anhydrous basis) 

Reaction 

Reaction 

HIL 

Na^O 

(mol per 
cent }_ 

2 - 

Al^O^ 

(mol per 
cent ) 

3 

Si02 

(mol per 
centX. 

4 

Time , 

(hr) 

__5. 

Product 

6 


Reaction Temperature: 165°C 


403 

35.30 

5.88 

408 

24.10 

6.90 

410 

24.10 

6.90 


423 

16.10 

6.50 

432 

24.96 

8.34 

433 

26.70 

6.67 

434 

22.72 

4.55 

435 

18.50 

7.40 

436 

15.40 

7.70 

437 

• 18.50 

9.00 

438 

21.45 

7.15 


58.82 

12 

An 


24 

An 

69.00 

24 

An 


48 

An 

69.00 

4 , 

iim 


8 

M+Am 


12 

M 


16 

, M+An 

77.40 

12 

Am 


24 

MHriim 

66.70 

12 

An 


24 

An 

66.63 

12 

An 


24 

An 

72.73 

12 

M 


24 

An 

74.10 

12 

M 


24 

M 

69.90 

12 

Am 


24 

iim 

72.50 

12 

M 


24 

M 

71.50 

12 

M 


24 

M 
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Table 4.9 (contd) 


1 

2 

3 

4 

5 

6 

447 

10.50 

12.50 

77.00 

12 

Am 





24 

Am 





■# 


448 

15.00 

15.00 

70.00 

12 

M 





24 

M 

449 

17.50 

10.50 

72.00 

12 

M 





24 

M 


^H„0/A1^0, = 219 iEi=iiniorphous 

^ ^ M=Mordenite 

An=Analciiae 
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diffraction patterns for a representative run (412) at 100°C 
ax-e indicated in Figure 4.15. 

Effect of Gomnosition of the Starting Mixture : 

The triangular diagrams plotted with Si02r and 

Na^O as three end members indicating the field for crystalli- 
zation of mordenite are presented in Figures 4,16 and 4.17 
for the three temperatures 135, 150 and 165°C and for 12 and 
24 hr of reaction time. To facilitate a comparison of the 
results obtained in the experimental runs using silica from 
chemical source with those using silica derived from rice- 
husk ash under identical conditions of temperature and time, 
the diagrams (Figure 4.18 and 4.19) are plotted superimposing 
the respective fields. 

It has been observed that for the synthesis of mordenite 
with silica from rice-husk ash, relatively lesser Na^O or 
greater SiO^ content in the starting mixture is req_uired 
compared to the synthesis of mordenite using silica from 
chemical source. It can be seen that a higher /^a.^ ratio 
is involved in the former case (Figure 4.7 - 4.9). This 
possibly- can be attributed to the form of silica in the 
initial mixture. Where silica from chemical sources was 
used, part of it was ia the form of sodium silicate in solution 
with the remaining part as silica gel. In the runs that 
involved the silica from rice-husk ash, the silica was in 
the form of a silica solution in sodixmi hydroxide. Since the 



40 


35 


+5 


30 


diffraction patterns 


produets tc| 

:;:4 MQ2Q;:A>;^ 



on 

4- \y 


15 



:d at 100°C using silica from rice husk ash with ba 

3Si02- 219 H 20 (run no.412).. 





412 ).. 
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crystallization of mordenite starts from the liquid phase 
of the starting sodium alumino-gliicate S©!* “the soluhilities 
of the materials in the final mixture to form the liquid 
phase that contributes to the mordenite crystallization 
appear to be different in both the cases. 

The activity of silica during the crystallization of 
aluminosilicate of variable silica content was reported by 
Coombs et al. [6l], According to these workers, the use of 
a more reactive amorphous silica is important for the 
synthesis of high silica zeolite. Breck [4] indicated that 
when the reaction mixtures are prepared using a colloidal 
silica sol or amorphous silica as the silica source, the 
products that are formed can be different from those crysta- 
llized from the homogeneous sodium aluminosilicate gel. The 
reason attributed by him is the solubilization of silicate 
anions and the resulting interaction with the aluminate ions 
present in the solution. 

The interrelationship betvreen the SiO^ and Na^O contents 
have been indicated in the graph (Figures 4,3 to 4.5) by 
plotting against Na^O/Al^O^ ratio. These 

when compared with the corresponding plots for the runs in 
the synthesis using silica from chemical sources (indicated 
as part a in the same figures) reveal certain differences. 

At 135°G, the mordenite formation is restricted to a narrow 
range of both these ratios. Analcime starts appearing in 
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the mixtures containing around 4 and with SiO^/ 

around 10 at this temperature. However, the results 
obtained in the experiments using silica from chemical 
sources, indicate: that mordenite continues to crystallize in the 
mixtures with Ha^O/Al^O^ and Si 02 /Al 20 j ratios even beyond 
these values (5 and 14 respectively). At l65°C also analcime 
could be obtained with relatively smaller values of these 
ratios in the runs with silica from rice-husk ash when 
compared to those with silica from chemical sources.- 

Effect of Temperature and Time ; 

The effect of temperature of reaction on the mordenite 
synthesis is indicated in Figures 4.18(d) and 4.19(d). With 
increase in temperature, the mordenite field shifts towards 
a higher silica and alumina direction. A gradual shifting 
could be noticed in these figures as compared to Figure 4.1(d) 
and 4.2(d) which are for mordenite synthesized from chemical 
silica sources. In the latter case, there is a drastic shift 
between the mordenite field at 155^C and the same at 150 and 
165°0. The fields at 150 and 165°C more or less coincide in the 
case of mordenite synthesized from chemical sources for 24 hr 
of duration. 

It has also been observed that in the range less than 
3 for SiO^/^a^O at temperatures of 150°G and above, analcime 
appeared as a product in the runs with silica from rice -husk 
ash while mordenite could be seen in this range for the runs 
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with silica from chemical sources (Pigure 4.6). 

The plots of SiO^/Al^O^ versus H^O/Na^O revealed 
interesting' trends in the case of experiments using silica 
from rice-husk ash. While the mordenite field is restricted 
within narrow ranges for these ratios for the runs at 135°C, 
the same is within the broader range of H 20 /Na 20 ratio at 
150 and 165°C. Por the runs using silica from chemical 
sources, the mordenite field is restricted at 165°C within 
narrow ranges of 310 and H^O/Na^O ratios. In general, 
the scatter for the mordenite plots is wider at 150 and 
165 0 on these graphs for runs with rice-husk ash silica 
compared to those with chemical silica source (Pigures 4.7 - 
4.9). This implies that in the case of runs using silica from 
chemical sources the mordenite could be formed only when the 
initial mixture has high alkalinity while it could be crysta- 
llized even with a relatively low alkalinity in the synthesis 
using silica from rice-husk ash. 

It was also observed that the crystallization of mordenite 
at any particular temperature is attained faster using silica 
from rice-husk ash in synthesis. Purther, the appearance 
of analcime was noticed at relatively shorter time of reaction, 
in such cases when compared to the runs conducted with 
starting mixtures of identical compositions and at similar 
temperatures but with silica from chemical sources. The x-ray 
diffraction patterns presented in Pigures 4.20 and 4.21 




20 15 10 Cu KocI 
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10 
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40 


35 


30 
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25 


20 


15 


10 


■med for different reaction periods at 165°C with batch co 
■A 1203' 10 Si02-219 H 20 (using silica from rice husk ash). 



Percent crystallizati 



Time , hr 


Fig, 4-22- Crystallization curves of mordenite using silica from 

chemical sources. 



82 


The activation energy for the nucleation and crystal 
growth are determined from the crystallization curves at 
various temperatures with the same starting compositions. 

As Sliming that the formation of nuclei of a stable size 
(which do not redissolve but grow into a crystal) is an 
energetically activated process and since the nucleation 
during the induction period is the rate determining process, 
the apparent activation energy for the nucleation, can be 

calculated from the expression: 

d In (l/Q) 

d(l/T) - ■* R 

where 0 is the induction time .i.e. the point on the crystalli- 
zation curve where conversion to the crystallization phase is 
just starting [105]. 

A similar analysis is made for the crystallization 
rate in determining the apparent activation energy, Bc» for 
the crystal growth assuming that the rate limiting step is the 
crystal growth. This is most nearly true when the conversion 
rate is highest, therefore, the crystallization rate is defined 
as the rate of conversion at 50 per cent of the total conversion 
level in terms of per cent conversion/hr [50]. 

The results obtained from both these approaches in 
the present study are reported in Bigure 4.24 and Table 4,10: 


o Lnemicai silica 


^ Rice husk ash 


Fig. 424- Dependence ot conversion rate and induction pen 

on temperature for mordenite. 
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table 4.10; ACTIVATION ENERGIES FOR NUCLEATION AND 
CRYSTAL GROWTH OF MORDENITE 


Batch compo- 
sition 
Na^O/Al^O^/ 

Si02/H20 

Silica 

source 

Temperature 
range, °C 

Activation Energy 
Kcal/g.mol. 


Nuclea- 

tion 

En 

Crystal 

growth 

Ec 

3.5/1/10/219 

Chemicals 

135 - 165 

10. 2 

7.56 

3.5/1/10/219 

Rice -husk 
ash 

135 - 165 

9.5 

6.85 

Ref. [47] 

Chemicals 

250 - 290 

11.0 

— 

Ref. [50] 

Chemicals 

90 - 135 

24.0 

15.0 


The activation energy values obtained for nucleation in the 
present investigations are in the range indicated by Domine 
and Quobex [47]. However, the values of 24 Kcal/g mol (for 
nucleation) and 15 Kca.l/g mol (for crystal growth) reported 
by Culfo-z and Sand [50] are too high compared to the va,lues 
in the present work. 

4 • 2 Characterization of Mordenite ; 

The mordenite obtained from starting materials using 
silica from chemical sources as also silica from rice-husk 
ash have been studied using several techniques for their 
characterization. For several samples the x-ray diffraction 
patterns have been obtained and on this basis the samples from 
two typical runs (Numbers 319 and 425) were chosen as 
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representative ones for detailed ch.aracteriza.tion. 

4.2.1 X-ray Diffraction Data ; 

The d spacings for the mordenite samples (from synthesis 
using both types of silica) are presented in Table 4.11. The 
d spacings for the standard mordenite (zeolon) are also 
included in thesame table. The diffraction patterns for these 
are indicated in Figure 4.25. 

The synthesized mordenites are comparable to the 

zeolon. Since the hydrogen foim has also been prepared as a 

« 

two stage process- first converting it into ammonium form of 
the species and later into the hydrogen form, the diffraction 
patterns for ammonium and hydrogen forms have been obtained. 

The d spacings for these forms have been presented in Tables 
4.12 and 4.13. The lattice parameters for the various forms 
of mordenite obtained in the present study are reported in 
Table 4.14. The literature values for the same are also 
included for a comparison. It has been observed that the 
replacement of sodium ion with ammonium or hydrogen does not 
alter the lattice parameters appreciably. In the latter forms, 
a slight increase in 'a' dimension and a slight decrease in 'bV 
dimension resulted when compared to the sodium form. 

During synthesis, since at some stages, phillipsite and 
analcime were encountered, the d spacings for these two produc ts 
together with literature values on phillipsite [104] and 
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TABLE 

4.11: X-Eill POWDER DA; 

rA POR xMOPJjBNITE Si^-FIPLSS 

likl 

”1 

SariDle No. 3lQ 

Sam -Die No. 425 

Zeolon 

d(i) 

~ 2 

' 

d(A) 

4 ~ ■ 

1/1 

0 

5 

d(A) 

I /I 
' 0 

■ 7 ' 

110 

13.39 

25 

13.39 

25 

13.39 

25 

200 

9.03 

15 

9.03 

15 

9.06 

15 

111 

6,51 

45 

6.51 

45 

6.50 

45 

130 

6.33 

30 

6.32 

30 

6.32 

30 

021 

6.03 

15 

6.03 

15 

6.03 

15 

201 

5.75 

20 

5.76 

20 

5.76 

20 

221 

5.02 

3 

5.04 

3 

5.04 

3 

131 

4,86 

3 

4.85 

3 

4.86 

3 

330 

4.51 

40 

4.51 

40 

4.51 

40 

420 

4.13 

5 

4.13 

5 

4.13 

5 

150 , 

3.98 

70 

3. 98 

70 

3.98 

70 

241 

3.82 

20 

3.82 

20' 

3.81 

20 

002 

3.77 

10 

3.77 

10 

3.76 

10 

112 

3.59 

5 

3.60 

5 

3.58 

5 

510 

3.52 

5 

3.51 

5 

3.52 

5 

202 

3.46 

100 

3.46 

100 

3.46 

100 

060 

3.39 

65 

3.39 

65 

3.39 

65 

222 

3.28 

10 

3.28 

10 

3.28 

10 

530 

3.21 

75 

■ 3.21 

75 

3.21 

75 

441 

3.10 

5 

3.10 

5 

3.10 

5 


87 


Table 4,11 (contd) 


1 

2 

3 

4 

5 

6 

7 

531 

2.93 

5 

2.93 

5 

2 .. 93 

5 

402 

2.89 

35 

2.89 

35 

2.89 

35 

152 

2.73 

3 

2.74 

3 

2.73 

: 3 

621 

2.69 

10 

2.69 

10 

2.69 

10 

370 

2.63 

3 

2.62 

3 

2.63 

3 

461 

2.54 

10 

2.54 

10 

2.54 

10 

442 

2.51 

20 

2.51 

20 

2.52 

20 




AO 

35 

30 




Fig. 4-25- Typical X- 

;^,':A:;;;vAT;-A:'A."';:;/i''':;'A'l"A:,,;S'A:.;:;^ 

-ray diffraciior 



ciion patterns for synthesizeci mord<2nites 
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TABLE 4.12: X-RAY POWDER DATA FOR Ai'MOHIUI''I AND 

HYDROGEN MORDENITES SYNTHESIZED USING 
SILICA FROM CHETilOAL SOURCES 


Amnoni-um 

Mordenite 


Hydrogen Mordenite 

d(A) 


bkl 

d(i) 


1 

2 

5 

4 

5 

13.39 

25 

110 

13.39 

25 

9.04 

15 

200 

9.08 

15 

6.51 

45 

111 

6.52 

45 

6.33 

30 

130 

6.32 

30 

6.03 

15 

0 21 

6.03 

15 

5.75 

20 • 

201 

5.75 

20 

5.03 

3 

221 

5.04 

3 

4.86 

3 

131 

4.86 

3 

H 

ITS 

• 

40 

330 

4.51 

40 

4.13 

5 

420 

4.13 

5 

3.98 

70 

150 

3.97 

70 

3.82 

20 

241 

3.82 

20 

3.16 

10 

002 

3.75 

10 

3.58 

5 

112 

3.58 

5 

3.52 

5 

510 

3.52 

5 

3.46 

100 

202 

3.46 

100 

3.39 

65 

060 

3.38 

65 

• 

00 

10 

222 

3.28 

10 
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Table 4.12:(contd) 


1 

2 

3 

4 

5 

3.21 

75 

530 

3.21 

75 

3.10 

5 

441 

3.10 

5 

2.93 

5 

531 

2.93 

5 

2.89 

35 

402 

2.89 

35 

2.73 

3 

152 

2.74 

3 

2.69 

10 

621 

2.69 

10 

2.63 

3 

370 

2.64 

3 

2. 54 

10 

46l 

2.54 

10 


2.51 


20 


442 


2.51 


20 
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table 4.13: X-RAY POWDER DATA FOR AMMONIU-I AND 

hydrogen mordenites synthesized using 

SILICA PROM RICE-HJSE ASH 


d (1) 

— Ammonium Mordenits 

- 

hkl 

_ Hydrosren 

d(A) 

Mordenite 

13.39 

25 

110 

13.39 

25 

9-04 

15 

200 

9.08 

15 

6.51 

45 

111 

6.52 

45 

6.33 

30 

130 

6.32 

30' 

6.03 

15 

021 

6.03 

15 

5.75 

20 

201 

5.75 

20 

5.03 

3 

221 

5.04 

3 

4.86 

3 

131 

4.86 

3 

4.51 

40 

330 

4.51 

40 

4.15 

5 

420 

4.14 

5 

3. 98 

70 

150 

5.97 

70 

3.82 

20 

241 

3.82 

20 

3.76 

10 

002 

3.75 

10 

3.58 

5 

112 

3.59 

5 

3.52 

5 

510 

3.51 

5 

3.46 

100 

202 

3.46 

100 

3.39 

65 

060 

3.38 

65 

3.28 

10 

222 

3.27 

10 

3.21 

75 

530 

3.21 

75 

3.09 

5 

441 

3.11 

5 


92 


Table 4.13 (contd) 


Ammonium Mordenite 


Hvdrosen Mordenite 

d(i) 


hkl 

d(i) 


2.94 

5 

531 

2.. 94 

5 

2.89 

35 

402 

2.89 

35 

2.69 

10 

621 

2.69 

10 

2.63 

3 

370 

2.63 

3 

2.54 

10 

461 

2.54 

10 


2.51 


20 


442 


2.51 


20 
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table 4.14: LATTICE PARAMETERS I'OR MORDSNITB SAMPLES 


Sample 

Source 

a 

(A) 

h 

(i) 

c 

(A) 

Mordenites synthesized using silica from chemical source: 

Na-form 

Present study 

18.06 

20.34 

7.54 

NH^-form 

f f 

18.08 

20.33 

7.51 

H-f orm 

' f 9 

18.18 

20.26 

7,50 

Mordenites synthesized using silica from rice-husk ash; 

Na-f orm 

Present study 

18.06 

20.34 

7.53 

-form 

9 f 

18.07 

20.33 

7.51 

H-form 

9 9 

18.16 

20.26 

7.49 

Zeolon (of 

Present study 

18.12 

20.24 

7.52 

Norton Make, 





U. S.A. ) 





Na-f orm 

Ref. [ 69 ] 

18.06 

20.34 

7.52 

NH^-form 

Ref. [ 69 ] 

18.09 

20.33 

7.51 

H-f orra 

Ref. [69] 

18.14 

20.26 

7.51 

Na-f orm 

Ref. [12] 

18.13 

20.49 

7.52 
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analcimc [105] are presented in Tables 4. 15 and 4.16. 

4 - * 2,2 Infra- red Absor-ption Snectra : 

The infra-red patterns of synthesized mordent tes along 
vrith their respective hydrogen forms and also zeolon have 
been presented in Figures 4.26 and 4.27 and the data are 
summarized in Table 4.17. 

Spectra Related to Frame Work Structure : 

The mid infra red region (1300-200 Cm""^) of the spectra 
is informative in characterizing the framework structure of 
mordenite. The first group of frequencies of the strongest 
vibrations (Figure 4.26) 1250-950 Cm"^ and 500 - 420 Cm“^ 
can be assigned to internal tetrahedron vibrations. The 
strongest vibrations around 1250-950 Cm”^ is due to asymmetric 
stretching (T-0 stretch) involving motion primarily associated 
with oxygen atom, or alternately described as an asymmetric 
stretching mode. ^ — OT — 0. The strong band with in 
this region is observed, to be at around 1050 Cm ^ in the 
present case. The position of this band has been related to 
the number of A1 atoms in the framework structure. As the 
atom fraction of A1 in the framework structure decreases, this 
band shifts to a higher frequency side. In the literature, 
its position has been reported to vary between 1060-970 Cm ^[73]., 
Its occurrence around 1050 Cm ^ for the mordenites under study 
reflects the high silica and low aluminium in the framework 
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table 4.15; X-RAY POV/DER DATA EOR PHILLIP SITE 
SWdTT miliT)si¥i~lRef .104) 


d(S) 

. _ 

2 

hkl 

d(A) 

4 

I/I 
' 0 

5 

8.21 

12 

101 

8.17 

19 

7.08 

40 

002 

7.13 

88 

5.39 

10 

121 

5.37 

19 

5.05 

5 

022 

5.03 

11 

4.98 

25 . 

200 

4.98 

34 

4.32 

6 

103 

4.29 

12 

- 

- 

113 

4.13 

7 

4.08 

50 

220 

4.08 

26 



123 

3.68 

3 

3.40 

12 

141 

3.26 

15 

- 

- 

301 

3.23 

13 

3.17 

100 

024, 

133 

3.18 

100 

3.08 

8 

311 

3.15 

16 

2. 92 

10 

321 

2.94 

30 

_ 

- 

240 

2.89 

5 

2.73 

8 

105, 

143 

2.74 

23 

2.68 

60 

224 

2.69 

31 


- 

125 

2.56 

6 

- 

- 

323 

2.54 

4 

2.50 

6 

044 

2.51 

6 

2.41 

4 

341 

2.39 

5 
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TABIji 4.16; X-RAY POWDER DATA FOR AIMALCBIE 


■^alSimeJpFes^^ "Inalci^rTRgflT o ^ 1 

( a ) t/t ,Q , 


d ( A ) 

- - . 

- - 

hkl 

d ( A ) 

- — 

I/I 



200 

4 

6.87 

<10 

5.61 

80 

211 

5.61 

80 

4.83 

30 

200 

4.86 

40 

3.65 

10 

321 

3.67 

20 

3.43 

100 

400 

3.43 

100 

2. 91 

90 

332 

2.93 

80 

2.80 

10 

422 

2.80 

20 

2.68 

40 

431 

2.69 

50 

2.50 

30 

521 

2.50 

50 

2.41 

15 

440 

2.43 

• 

2.22 

15 

611,532 

2.23 

40 

- 

- 

620 

2.17 

<10 

~ 

- 

541 

2.12 

<10 



631 

2.02 

10 

- 

- 

543 

1.94 

<10 

1.90 

25 

640 

1.90 

50 

1.86 

15 

633 

1.87 

40 

_ 

- 

'642 

1.83 

< 10 

1.74 

35 

732,651 

1.74 

60 

1.71 

10 

800 

1.72 

30 

1.68 

15 

741 

1.69 

40 
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Table 

zxz 

1.66 

1.62 

1.59 

1.49 

1.48 

1.45 

1.41 

1.37 
1.36 
1.30 
1. 28 
1,26 
1 , 22 


.16 (continued) 

T '" 4 


10 

820 

1.67 

10 

5 

822,660 

1 . 62 

20 

15 

831,743 

1.60 

30 

5 

842 

1.50 

20 

8 

761 

1.48 

20 

- 

664 

1.46 

10 

5 

754 

1.48 

10 

15 

932,763 

1.42 

40 

- 

941,853 

1.39 

<10 

5 

860 

1.37 

10 

20 

1011 

1.36 

40 

5 

1031 

1.31 

10 

8 

871 

1.29 

20 

8 

1033 

1.26 

20 

15 

963 

C\J 

C\J 

♦ 

1 — 1 

30 


T-0 bend 



H-Zeolon 






TABLiJ 4.17: IHPRA RED SPECTRAL DATA FOR MORDMITB SAI-IPLIS 
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structure. The nest strongest band in the region 500-420 Gm“^ 
is asoigued to T-0 bending mode. Stretching modes involving 
mainly the tetrahedra atoms are found in the region 820-650 Cm"^. 

The second group of frequencies occur in the regions 
650 - 500 Gm and 420 - 300 Cm these are sensitive to the 
linkages between tetrahedra and the topology and mode of 
arrangement of the secondary units of structure in the morde— 
nites. The band in the 650 -500 Cm ^ region is related to 
the presence of double rings (D4R and D6R) in zeolites [73]. 

The weak absorption in this region of spectrum for the morde- 
nites in the present study reflects that these species do 
not contain the double rings or larger polyhedral units. The 
band in the frequency region 420 - 300 is assigned to 

external linkages. This is related to pore opening or motion 
of the tetrahedra rings which form the pore openings in 
zeolites [ 73 ]. The nature of presence of this band in any 
spectrum of a zeolite depends upon its structure, for example, 
in zeolite with cubic structure, this is very prominent and 
it is less distinct with a decrease in symmetry. In the present 
case, a feeble indication interms of a shoulder is visible for 
this band for the mordenites (synthesized in the present study) 
which are orthorhombic. Flanigen and coworkers [ 73 ] also 
reported a very weak band for zoolon. 

Snectra of Water Adsorbed in Mordenite : 

The spectra in the regions 1800-1500 Cm ^ and 4000 - 
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3000 Cm are indicated in Figure 4.27. The band around 
1645 Cm noticed in all the samples can be assigned to the 
bending mode in water molecule. The broad band in the region 
3400 Cm is characteristic of hydrogen bonded OH and a sharp 
band around 3700 Cm ^ is typical of isolated OH. The isolated 
OH stretching is relegated to interaction of water hydroxyl 
with the cation. The other bands are attributed to hydrogen 
bonding of the water molecule to the surface oxygen and to 
the bending mode of the water [74]. 

4.2.3 Thermal Characteristics ; 

The differential thermal and thermogravimetric analyses 
were conducted for the mordenites synthesized and also their 
ammoniiArn - and hydrogen forms. Although the DTA and TGA 
curves for synthetic mordenite are available in published 
reports, DTGA curves are not reported earlier. 

The DTA, TGA and DTGA pattern for the mordenites 
synthesized using silica from chemical sources are indicated 
in Figure 4.28. The broad shallow endotherm starting from 
around 60 °C with a peak maximum around 120'^C is characteristic 
of the dehydration. Around 580°C another broad endotherm 
commences which was seen to continue even at 980°C. This 
endotherm has its maximum around 750^C and possibly due to 
d ehydroxylation. The corresponding TGA curves show a total 
weight loss of 13.6 per cent upto 1000 C out of which 11.0 
per cent is for the initial dehydration event. At the commencement 
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ol the dehydroxyls oion around 580^0 there is a change in the 
slope of the T&A curve. The DTA curve for mordenite (Figure 
4 . 29 ) synthesized using silica from rice-husk ash indicated 
the commencement of the dehydration around 60*^0 as indicated 
by an endotherm with its peak around 140°G. The peak for 
the dehydroxylation endotherm is around 810°G in this case. 
The weight loss in this case for total temperature range 
upto 1000 G as also for the dehydration range are similar to 
that of the mordenite obtained using silica from chemical 
sources. 

The weight loss of 13.6 per cent corresponds to around 
26.7 H^O if the general formula for the mordenite is written 
in the following foim: 

Nag-(Al02)Q*(Si02)4Q*26.7 H^O 

In the literature the total water in mordenite is reported 
as 26.8 H^O. This is a generalized formula and the total 
26.7 H^O accounts for not only the zeoli tic water but also 
the water of hydration of proton and the hydroxyl water. 

The typical patterns for the hydrogen form of the 
mordenite synthesized from rice-husk ash silica source, are 
indicated in Figure 4.30. The peak temperature for the 
endotherm representing the dehydration event occurs around 
120°C. The endothermic peak for the dehydroxylation has a 
maximum around 740°G. The weight loss for this form upto 
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1000 0 is around 14.8 per cent. This amount is higher than 
compared to its sodium form (with 13.6 per cent weight loss). 

It may be noted that the total weight loss for hydrogen 
niordenite was reported to be 15.1 per cent by Barren and 
Peterson [79], although these authors have also indicated 
that the theoretical value as calculated from the ideal formula 
should be around 14 per cent for the same. For the hydrogen 
form of zeolon, used in the present investigations as the 
reference material, the thermogravimetric run (Figure 4.31) 
indicated the total weight loss to be around 15.1 per cent. 

The DTA pattern for the same contains an endothermic peak ■ 
with its maximum around 730°C. 

The typical DTA pattern, as obtained on Du Pont 900 
DTA unit, for the ammonium mordenite form is presented in 
Figure 4.32. An initial endotherm with peak around 94°0 is 
followed by minor endotherms at 390°G preceding an exotherm 
having its peak around 532°C. While the initial major 
endotherm represents the water desorption, the shallow endotherm 
indicates that some ammonia desorbs prior to oxidation. The 
exotheimic peak is due to ammonia oxidation. Following this 
peak the broad shallow, endotherm with its peak around 680°G 
is for the dehydroxy lati on. The exothermic hump around 1062° C 
corresponds to the dissociation of zeolite. 

A typical pattern of analcime from the present investi- 
gations is indicated in Figure 4.33. This pattern is 
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by 

ch.aracti;..ri zed ^ eti^ong conspicuous endothers. with, peak around 
C accounting for a weight loss of 9 per cent. The total 
weight loss observed in the TGA run upto 1000°C is 9.6 per 
cent (Figure 4.33). The dehydroxylation event is characterized 
by a broad endotherm with its peak around 740°C. 

The DTA pattern for phillipsite (Figure 4.34) from 
the present investigations indicates a very shallow minor 
endothermic event around 100*^0 accompanied by a sharp strong 
endothermic event with its peak around 180*^0 and another small 
cndotherm with a peak around 380*^0. The sharp endothermic peak 
has been attributed to the formation of Wairakite [87] and 
the accompanying shallow endotherm being relegated to the 
formation of anorthite and quartz from Wairakite. The thermo- 
gravimetric run (Figure 4.34) registered a total weight loss 
of 17.7 per cent. The weight loss upto the end of the sharp 
ondothermic event (340°C) is around 16.1 per cent. This tallies 
with the weight loss values reported in the literature [87]. 

4.2.4 Chemical Analysis : 

The chemical compositions of the synthesized mordenites 
in sodiumramnonium- and hydrogen forms are indicated in 
Table 4.18. For comparison the respective constituents of 
zeolon are also included. 

The calculated composition for the sodium mordenite 
synthesized in the present study on the basis of its chemical 
constituents can be expressed as: 
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Ha^O-Al^O^-lO.S SiO^ 

While the sodium mordenite reported in the literature 
[12] n:‘s 10 SiO^, in the present case, the silica contents 
■:ippeci,i to be a little higher than reported. 

•2-3 Ipn-Exchange Charact eristics ; 

The preparation of hydrogen foim of mordenite used 
in tiio present study involves exchange of the cations in the 
sodiui.i iorin by ammonium and subsequent heating of the ammonium 
exchanged mordenite at 500°C.to liberate resulting in the 
hy drogt.n form. As stated earlier, the exchange process was 
repeated several tines with fresh exchanging solutions to 
c;nable complete exchange to take place. 

The degree of exchange was determined from the concen- 
tration of sodium ions in the equilibrating solutions using 
flaruj photometer. Although the equilibrating solutions 
Ci.i nta i nod sodium and ammonium ions, the varying concentrations 
cf ammonium ions in the solutions did not effect the sodium 
determination as checked with several known solutions contain- 
ing sodium and ammonium ions of varying concentration. The 
coordinates of Ha’^-NH^ exchange isothem were determined 
aeiigoting the method suggested by Sherry [84]. The values for 
tiio coordinates of isotherm and the corresponding degree of 
exciiange are detailed in Table 4-19. 
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Frar,] tht i'o suits in the Table, it is evident that 
t c.jritri blition of the first step towards the extent of * 
oxc'x'Ui'c was substantial vhiile that of the subsequent 
uxchn 0 kept dininishing. This reflects that the substi- 
lutLjr. (■;£ u'diurn i'.ms becomes increasingly difficult as the 
c or.c ( .nt r'! t;i, ' 'H of tiio residual ions in the mordenite lattice 
g. ts ;1 j.:’;i'ni:f;:od. This is in agreement with the earlier 
I'l'piO'ti; [4, 77, 83, 84-, 107, 108], Further, the values of 


c . ord j, not i;G of ba 


“f" 



exchange isotherm indicate a higher 


ot.lcc tivi ty of ions in the solution phase which is due 

to t’M:; ust. of concentrated solutions in ion exchange. 

In the present investigations, the exchange was 
aciiit,vi.„d upto 96.8 per cent. In the literature a complete 
exchaoigi, of for ia was reported [69], 

4.2,6 Surface Properties ; 

The nitrogen adsoicption isotherms at its boiling point 
as obtained for the synthesized sodium mordenite and their 
hydrogen fums together with the hydrogen form of zeolon are 
presented in Figure 4.35. Those isotherms have the typical 
shape characteristic for zeolite molecular sieve reported in 
the literature [4]. The nitrogen adsorption data are detailed 


in Table 4.20. 

The surface area values as calculated by the BBT method 
from these adsorption isotherms are indicated in Table 4.21. 



trogen adsorbed ^ c m'^'( NT P) / q. mordenite 
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TABLE 4.20” NITROGH^ ADSORPTION DATA (AT THE 
BOILING POINT OP NITROGEN) 


Pressure (mm Hg) Volume adsorbed, Cm^(NTP)/g 

~ ~ ' • 2 

Sample No. 319 
Na-f om 


2.55 

111.46 

29.18 ■ 

115.71 

47. 29 

117.11 

64.13 

117.82 

93.12 

119.1^ 

190.00 

121.00 

H-f orm 


3.62 

119.15 

11.36 

121.49 

23.50 

122. 81 

34.86 

123.39 

200.00 

126.00 

Sample No. 425 


N a -f 0 rm 


5.12 

114.00 

22, 20 

114.80 

54.83 

116. 20 

72.30 

116.50 

110.20 

117. 20 

306.20 

118.50 
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Table 4.20 (contd) 


1 

2 


H-f orm 

4.93 

118.80 


11.39 

121.20 


23.49 

122.20 


37.12 

123.10 


69.84 

124.10 


272.30 

124,90 


H-Zeolon 

6.10 

120.40 


19.80 

121.62 


33.23 

122.21 

# 

49.79 

124.00 


86.20 

125.20 


140.00 

125.80 
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TABLE 4.21: SURPACE AREA OE VARIOUS MORDENITE SAMPLES 


Sample 


Cation 

Surface area (m^/g) 

Mordenites using 

silica 

from chemical sources: 

519 ■ 



459 

519 


h'*' 

500 

Mordenites using 

silica 

from Rice-Husk 

Ash: 



Hr 

452 

425 


Na 

425 


h"- 

498 

Zeolon 


4. 

H 

510 


The surface area values for tiie mordenites sytrfehesized in 
the present work correspond closely to the reported value-e* 


The water adsorption capacity values for the sodium 
and hydrogen forms of the synthesized mordenite were found 
to be 15.2 and 16 g.water/g. of zeolite respectively? for 
standard zeolon the same was estimated to be 16.1 g, .. water/ 
g. of zeolite. These values are in accordance with the 
reported values [95]. 

The acidity measurements for the different samples of 
mordenite were measured mth time and these results are 

time to eliminate the influence of 


extrapolated to zero 
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reaction between mordenite and water. These results are . 
summarised in Table 4.22. 

TABLE 4.22: ACIDITY MEASUREMENTS OE MORDENITE SAiraES 


Sample 

Cation 

Acidity (m.mol/g 

Mordenites from chemical 

silica sources; 


319 


0.20 

319 


0.90 

Mordenite from Rice-Husk 

Ash: 

i 

425 

Na"*" 

0.20 

425 


0.88 1 

Zeolon 


1.00 


Although this method for the acidity measurement has 
an inherent drawback in that it can not be employed for 
estimation of acid sites whose strength is less than that of 


water, it has been adopted in the present work since it is | 

convenient for getting an idea of Bronsted surface acidity j 

responsible for the catalytic activity of the mordenite. j 

4.2.7 Molecular Sieve Behaviour and Pore Sise Determinatiom 
The sodium and hydrogen forms of the mordenite 
synthesized using silica from chemical sources and also from 
rice-husk ash have been characterized for use as molecular sieV€ 




For this purpose mixtures of organic compounds (O- 

xylene and p-xylene. toluene and 0-xylene, toluene and 

p -xylene and o -xylene and trietliylbenzene) are passed through. 

the dehydrated mordenite bed. Prom the adsorption or the 

exclusion of the individual molecules of varying sizes, the 

pore size for the mordenite species could be established. 

The sodium mordenite could adsorb the toluene and 

o 

p-xylene (molecular diameter 6.7A ) but excluded o-xylene 
, 0 . 

(molecular diameter 7.4 A). The hydrogen mordenite could 

adsorb o-xylene also but excluded triethylbenzene (molecular 

diameter 8,4 A), Hence it is inferred that the sodium and 

hydrogen mordenites have the approximate pore diameters of 
0 0 

7 A and 8A respectively, and these large port variety of 
mordenites can be used as molecular sieves.. These pore 
diameter values obtained are in agreement with the earlier 
reported values [41]. 



CHAPTER 5 


SUMMARY MD CONGLHSIOHS 

5.1 Stimmarv ; 

The mordenite has been synthesized with the selected 
concentration ratios of the constituents, in the system Ma^O- 
Si 02 ~Al 20 ^-H 20 for which crystallization of the species is 
possible. Two different approaches for the synthesis have 
been adopted. In one, the silica from chemical sources in 
the form of sodium silicate and silica gel was used, in the 
other, silica solution obtained from rice-husk ash with sodium 
hydroxide leaching has been utilized. The compositional fields 
for the crystallization and stability of mordenite for various 
temperatures and periods of time of synthesis have been 
established. 

The best temperature range for the synthesis of mordenit 
for the compositioncof the initial mixtures chosen has been 
observed to be 135 - 175°C.- The compositions of the starting 
mixtures play an important role in the synthesis. Wien silica 
from chemical sources was used, mordenite started appearing 
at 135°C after 24 hour of reaction, its quantity increasing 
with time and temperature. As the temperature of synthesis 
increases, a shift in the crystallization field for mordenite 
towards higher SiO 2 and lesser Na 20 in the starting mixture 
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Wi.,s evident. This is due to the increase in solubilities of 
uluminat 0 and silicate ions at higher temperatures resulting 
in the modification of the concentration of. the liquid phase 
in the gel. Thus mordenite can be synthesized from the 
initial mixtures of relatively lesser alkalinity at higher 
temperatures within the range of its stability. However, 
beyond 175°C mordenite rapidly disappears with the crysta- 
llization of analcime, a relatively stable species. 

The aluminosilicate gels prepared using silica derived 
from rice-husk ash, appear to possess a greater reactivity 
compared to those prepared with the solutions of aluminate 
and silicate. This is due to the solubilization of silicate 
anions and their interaction with aluminate ions that make 
the concentrations and correlations of the components different 
in the liquid phase of the gel of the former type. In such 
cases, mordenite could be synthesized faster in the range 
135 - 165°C from starting mixtures containing lesser Na20 
and greater SiO^ at any temperature compared to the. corres- 
ponding gel compositions involving silica from chemical 
sources, Further, analcime starts appearing early in these 
reactions and a complete disappearance of mordenite with 
the total formation of analcime at 165 C was noticed. An 
increase in the alkalinity of the initial gel resulted in the 
crystallization of analcime even at 135 G. In such cases, 
crystallization of phillipsite preceded that of analcime. 
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The rate curves for crystallization of mordenite 
■tro oi sigmoidal shape with a long induction period accompanied 
by a rapid crystallization which attains an ultimate asyinp~ 
totic value. As the crystallization starts, the fast conversion 
rate of amorphous batch into mordenite indicates the possi- 
bility of -the rate limiting step in the overall process to 
be the nucleation. The activation energies for the crystalli- 
zation of mordenite in the present case are estimated as 10.2 
Kcal/g. mol for nucleation and 7.56 Kcal/g. mol for crystal 
growth from tiie gels containing silica from chemical sources 
while the corresponding values in the case of gels containing 
silica solutions from rice-husk ash are around 9.5 and 6,85 
Ecal/g mol respectively. The valu.e reported for mordenite 
crystallizationjfrom gels with silica from chemical sources is 
around 10 Kcal/g mol (the mechanism not specified). 

The synthesized mordenites possess orthd'crhombic 

symmetry with the lattice dimensions, 'a = 18.06, b = 20.54 
0 

and c = 7.54 A' with an assigned chemical composition of 
Na^O *A1^0, *10.8 SiO„ on the basis of chemical analyses. From 
the sodium form of the mordenite synthesized, the corresponding 
hydrogen form was prepared throu^ ammonium ion-exchange 
process. The dehydration and dehydroxy lation characteristics 
with the weight loss patterns have been presented for the 
sodium and hydrogen foims of the mordenite pertaining to 
both the types of gels used, !Hie sodium form has a total 
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weight loss of 15.6 per cent corresponding to a total of 
26,7 H^O per unit cell which accounts for the zeolitic Tjater^ 
water of hydration of protons and the hydroxyl water. The 
hydrogen form has relatively higher weight loss (around 14.8 
per cent). Those values correspond closely to the reported 
ones. The infrared spectra for the sodium and hydrogen 
species as related to the framework structure and the water 
association are presented. Within the frequency range 1050- 
960 Cm common for zeolites, the occurrence of the band on 
the high frequency side at 1050 Cm”^ in the present case indi- 
cates the high silica and low aluminiimi in the frame work 
structure for the mordenlte. The band in the frequency 
region 420 - 300 Cm"’^ (prominent for zeolites with cubic 
structm'’e) is very feeble in the present case, pointing to 
a decrease in the symmetry (orthorhombic). 

The surface area values estimated to be around 450 m^/g 
for the sodiimi form and 500 m^/g for the hydrogen form are 
inafccordance with the reported values. The present studies 
indicated that exchange upto 96.8 per cent with ammonium 
could be achieved. The water adsorption capacity values are 
found to be 15.2 g.H^O/g mordenite for the sodium form and 
16.0 g'H^O/g mordenite for the hydrogen form. The acidity 
measurements for these species have also been reported. 

The mordenite synthesized in the present case is 
of large port variety. The pore diameters are found to be 
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7 and 8 A for the sodiuin and hydrogen forms respectively. 

The investigations with various hydrocarbon mixtures of 
different molecular diameters have established that these 
mordenites in their sodium and hydrogen forms can be 
successfully used as molecular sieves. 

5 . 2 Conclusions ; 

Thus in the present study, a detailed investigation 
on the synthesis and characterization of mordenite has been 
undertaken with more. than one source for silica. Mordenite 
has been successfully synthesized both from gels containing 
chemical silica and also the gels with silica derived from 
rice husk ash. The present work is the first of. its kind 
dealing with synthesis of a zeolite using rice husk, a 
low-cost agricultural waste material. Mordenites, synthesized 
from both these silica sources compare very well in their 
characteristics and were successfully demonstrated as 
molecular sieves. 

5.3 ffpnnrnmendations for Future Research ; 

On the basis of the present investigation, the 

following aspects are indicated for future work: 

1. The rapid synthesis of mordenite by seeding 

with crystals. 

2. Possibilities for the crystallization of 
mordenite at temperatures much below 135°C! 
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using gels of higher alkalinity. 

3. The use of the mordenite synthesized in the 
present scudy as catalyst in chemical reactions. 
Only the molecular sieve aspect of the study 
was undertaken in the present investigation. 

4. Utilization of rice-husk ash in the synthesis 
of other types of mordenite species like Wa-Li- 
type. 

5. Synthesis of other industrially important 
zeolites using silica from rice-husk ash. 
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APPENDIX A.l 
X~RiiY POVfDER ANALYSIS 

When a monochromatic beam of x-rays strikes an atom 

in a crystal, tightly bound electrons are set into oscillation 

and radiate x-rays of same wave length as that of the incident 

beam. This is called diffraction. Every ciystalline substance 

scatters thex-rays in a particular diffraction pattern, 

depending on its atomic and molecular structure. The shape 

and siae of a unit cell fix the angular position of peaks 

and relative intensities of these peaks are governed by the 

number and positions of atoms within the unit cell. The 

relationship between the wavelength of the x-ray beam, ^ , 

the angle of diffraction, 9, and the interplanar distance, d, 

Si 

is governed by the Bragg equation 
2d sin 9 = nl 

whoro, n, the order of diffraction, is usually first order. 

For a orthorhombic crystal, as in case of mordehite type 
zeolite lattice parameters (a,b,c). Miller indices (h,k,l) 
and interplanar distance (d) bear a relationship. 



^Braggf W.L., 

1933 . 


'The Crystalline State', Macmillan, New York, 
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APPENDIX A. 2 


X-RAY POWDER DATA FOR SODIUM SILICATE 


0 

d(A) 

I/I 

7.10 

20 

6,65 

40 

6.25 

100 

5 . 68 

45 

5.60 

35 

4.49 

25 

4,43 

15 

4.15 

20 

4.07 

60 

3.90 

40 

3.82 

20 

3.76 

50 

3,65 

25 

CM 

• 

80 

3.28 

70 

3.16 

' 75 

3.03 

30 

3.00 

20 

2.98 

20 

2. 85 

20 

2.81 

35 

2.73 

30 

2.71 

45 

2.65 

20 

2.63 

20 
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APPMDIX A. 3 


X-Ri.Y POWDER data 
HYDROXIDE 

FOR SODIUM 

0 

d, (A) 

1/^.0 

5.75 

32 

4 . 6l 

35 

4 . 01 

15 

2.94 

7 

2.81 

52 

2 . 68 

4 

2.58 

3 

2.52 

10 

2.34 

100 

2.18 

8 

2,03 

11 

1.89 

24 

1.71 

28 

1.70 

29 

1.65 

32 

1.46 

13 

1.34 

6 

1.27 

10 

1,20 

5 


APPENDIX A,.4 

X-R/iY PO¥DER DATA POR ALUMINIDM 
hydro xide 


/O N 

d(A) 


4.70 

100 

4.35 

65 

3.19 

30 

2. 22 

60 

1.71 

25 

1.45 

10 
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APPENDIX 

A. 5 



X-RAY POWDER DATA 

EOR 

a 

NATURAL MORDENITE 

0 

d (A) 

1/1 

0 


hkl 

13.70 

50 


110 

9,10 

90 


200 

6.61 

90 


111 

6.38 

40 


130 

6.10 

50 


021 

5.79 

50 


201 

5.03 

10 


221 

4.87 

20 


131 

4,53 

80 


330 

4.14 

30 


420 

4.00 

90 


150 

3.84 

60 


241 

3-76 

20 


002 

3.62 

10 


112 

3.56 

10 


510 

3.48 

100 


202 

3.39 

90 


060 

3.31 

10 


222 

3.22 

100 


530 


20 


441 

2.95 

20 


531 
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Appendix A. 5 (contd) 

■' ' ' 0 ' 

djA) 

2.90 
2,74 
2.70 
2.64 
2.56 
2.52 
2.47 
2.44 
2.54 
2.30 
2.28 
2.23 
2.16 
2.12 
2.05 
2.02 
1.99 
1.95 
1.94 , 



60 

10 

30 

10 

40 

50 

20 

20 

20 

10 

10 

20 

20 

10 


40 


40 

40 

40 

10 


hkl 

402 

152 

621 

370 

461 

,442 
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